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CHAPTER  1.  INTRODUCTION 


The  behavior  of  a  vertical  pile  subjected  to  repetitive  horizontal 
loading  Is  complex.  Several  factors  such  as  the  characteristics  of  the 
loading,  properties  of  the  pile,  properties  of  the  clay,  and  position  of 
the  free-water  surface  play  an  Important  role  in  determining  the  behavior 
of  the  pile. 

Several  types  of  environmental  conditions  (wind  and  waves)  exist 
that  subject  the  structure  to  cyclic  or  repetitive  loads;  these  loads  must 
be  resisted  by  the  foundation.  In  this  study,  the  effects  of  Inertia  are 
not  considered;  therefore,  repetitive  loading  or  cyclic  loading  refers  to 
several  applications  of  load  at  a  rate  slow  enough  to  be  considered  stat¬ 
ic. 

The  studies  reported  herein  were  directed  to  two  factors  that  affect 
the  behavior  of  piles  due  to  cyclic  loading,  namely  (1)  the  changes  that 
occur  in  properties  of  clay  due  to  cyclic  loading,  and  (2)  the  effect  of 
free  water  above  the  ground  surface.  Water  above  the  ground  surface  flows 
Into  and  out  of  any  gaps  that  form  between  the  pile  and  clay  during  cyclic 
loading.  This  pumping  action  has  the  potential  to  scour  soil  along  the 
pile-soil  gap,  thus  removing  particles  of  clay  that  may  have  otherwise 
provided  lateral  support  for  the  pile. 

A  more  detailed  presentation  of  the  soi 1-and-water  behavior  during 
cyclic  loading  of  a  pile  is  given  in  Chapter  2.  In  addition,  in  Chapter  2, 
reasons  for  conducting  specific  laboratory  tests  and  for  concentrating  on 
certain  aspects  of  the  cyclic-lateral-loading  problem  are  discussed.  In 
Chapter  3,  the  characteristics  and  results  of  several  lateral  load  tests 
are  presented  in  which  repetitive  loads  were  applied.  Current  techniques 


for  predicting  the  cyclic  and  static  behavior  of  piles  are  reviewed  In 
Chapter  4,  and  predictions  of  both  static  and  cyclic-lateral-load  behav¬ 
ior  are  compared  with  measured  behavior  in  Chapter  5.  Soil  samples  were 
taken  at  two  sites  where  lateral-load  tests  were  performed  by  others  on 
piles  that  were  fully  Instrumented.  The  soils  at  those  two  sites  were 
predominantly  clays.  The  types  of  laboratory  tests  performed  on  the  clays 
from  those  sites  are  discussed  In  Chapter  6,  and  the  results  of  the  test¬ 
ing  program  are  discussed  In  Chapter  7.  In  Chapter  8  studies  are  pre¬ 
sented  in  which  the  results  of  laboratory  tests  are  used  to  gain  Insight 
into  the  precise  reasons  for  the  loss  of  soil  resistance  during  cyclic 
loading  of  piles  in  clay.  In  Chapter  9  conclusions  are  drawn  related  to 
the  relevance  of  the  studies  reported  herein  to  current  procedures  of 
estimating  the  response  of  piles  in  clay  due  to  cyclic  lateral  loading. 


CHAPTER  2.  FUNDAMENTAL  CONSIDERATIONS  OF  VERTICAL  PILES 
IN  COHESIVE  SOIL  SUBJECTED  TO  REPETITIVE  HORIZONTAL  LOADS 


Several  factors  contribute  to  the  response  of  a  vertical  pile  in 
cohesive  soil  subjected  to  repetitive  horizontal  loading.  Three  major 
factors  that  are  believed  to  be  of  primary  interest  are  (1)  the  nature  and 
characteristics  of  the  load  applied  to  the  head  of  the  pile,  (2)  the 
mechanical  behavior  of  the  soil  surrounding  the  pile,  and  (3),  if  the  free 
water  surface  is  above  ground  level,  the  susceptibility  of  the  soil  to 
erosion  or  scour. 

In  order  to  attain  a  basic  understanding,  a  brief  review  of  the 
behavior  of  a  pile  in  clay  subjected  to  cyclic  loading  is  presented.  This 
review  is  followed  by  a  discussion  of  the  effects  these  three  major  fac¬ 
tors  have  on  pile  behavior,  and  what  procedures  were  used  to  identify  the 
quantitative  effects  of  these  factors. 

BEHAVIOR  OF  PILE  AND  SOIL  DURING  CYCLIC  LOADING 

In  order  to  describe  the  effects  of  cyclic  loading  on  the  behavior  of 
a  pile,  a  simplified  model  is  used  to  illustrate  how  the  soil  and  pile 
react  to  a  simple  loading  condition  at  the  head  of  the  pile.  In  this  sim¬ 
plified  model,  the  pile  is  assumed  to  be  infinitely  long  and  installed 
vertically.  The  surface  of  the  water  is  assumed  to  be  above  the  ground 
surface;  thus,  water  is  free  to  enter  any  gaps  that  may  form  between  the 
pile  and  the  cohesive  soil.  The  cyclic  loading  applied  at  the  head  of  the 
pile  is  assumed  to  impose  equal  and  opposite  horizontal  loads  to  the  pile 
head.  Furthermore,  the  loading  is  assumed  to  vary  sinusoidal ly  with  time 
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at  a  frequency  In  which  only  the  effects  of  repeated  loading  are  important 
and  the  effects  of  Inertia  are  not  important. 

The  behavior  of  the  pile  Is  described  for  four  phases  during  one 
cycle  of  loading.  The  effect  of  each  quarter-cycle  of  load  Is  described 
and  the  influence  of  further  cycles  are  mentioned. 

During  the  first  quarter-cycle,  the  lateral  load  varies  from  a  magni¬ 
tude  of  zero  to  a  maximum  horizontal  load  H  .  As  the  load  is  applied, 

max 

the  pile  head  rotates  and  translates  until  the  lateral  force  at  the  top  of 
the  pile  is  carried  by  the  surrounding  soil  as  shown  In  Fig.  2.1a.  If  the 
deflections  are  large  enough,  a  gap  between  the  cohesive  soil  and 
pile-wall  will  form  along  the  back  of  the  pile  and  water  will  flow  into 
the  gap.  The  velocity  at  which  the  water  flows  is  dependent  on  the  rate  of 
deformation  of  the  pile,  and  the  geometric  characteristics  of  the  gap  that 
is  formed. 

During  the  second  quarter-cycle,  the  lateral  load  decreases  from  a 
value  of  H  to  zero;  thus,  the  pile  head  returns  to  a  point  similar  to 
its  original  position.  As  the  pile  moves  back  toward  Its  original  posi¬ 
tion,  the  water  in  the  gap  between  the  pile  and  soil  along  the  back  of  the 
pile  Is  forced  out  of  the  gap.  Along  the  front  of  the  pile,  the  pile  wall 
and  soil  may  separate  due  to  Irrecoverable  permanent  deformations  induced 
within  the  soil  mass  during  loading  as  shown  in  Fig.  2.1b.  This  new  gap 
along  the  front  of  the  pile  allows  water  to  enter  into  the  space.  As  men¬ 
tioned  before,  the  velocity  at  which  the  water  enters  the  space  is  depend¬ 
ent  on  the  rate  of  deformation  of  the  pile  and  the  geometric 
characteristics  of  the  gap.  As  the  load  approaches  zero,  the  pile  will 
return  to  a  conf iguratlon  similar  to  its  original  shape,  but  displaced  in 
the  direction  of  the  lateral  load  H 

max 


During  the  third  quarter-cycle,  the  direction  of  the  lateral  load, 


H  ,  and  the  corresponding  deflection  of  the  pile  head  are  reversed.  As 
the  load  increases  from  zero  to  Hmax,  the  gap  along  the  loading  portion  of 
the  pile  closes  while  the  gap  opens  along  the  unloading  portion  of  the 
pile  as  shown  in  Fig.  2.1c.  Along  the  loading  face  of  the  pile,  water  in 
the  gap  between  the  soil  and  pile  is  forced  out  of  the  gap  until  complete 
contact  Is  made  between  the  soil  and  pile  along  the  length  of  the  pile.  At 
the  unloading  face  of  the  pile,  water  continues  to  enter  the  gap  as  long 
as  the  pile  continues  to  displace. 

The  responses  of  the  pile  and  soil  during  the  fourth  quarter-cycle  is 
similar,  but  opposite  in  direction  to  the  response  described  during  the 
second  quarter-cycle.  At  the  end  of  the  fourth  quarter-cycle,  with  no  load 
imposed  on  the  pile  head,  gaps  between  the  soil  and  pile  occur  on  both 
sides  of  the  pile  as  shown  In  Fig.  2. Id. 

As  the  cyclic  load  continues  to  be  applied  to  the  pile  head,  the  gen¬ 
eral  behavior  of  the  pile  and  soil  will  be  similar  to  the  behavior 
described  above.  The  possibility  of  the  pile  head  exhibiting  a  continued 
increase  In  peak  deformation  will  depend  on  characteristics  of  the  cyclic 
load  applied  to  the  pile  head  and  the  characteristics  of  soil  surrounding 
the  pile. 

CHARACTERISTICS  OF  LOADING 

For  many  structures  located  in  the  offshore  environment,  the  compu¬ 
tation  of  the  maximum  lateral  loads  Imposed  on  the  structure  during  its 
design  life  Is  based  on  information  concerning  the  heights  of  ocean  waves 
during  a  storm.  Shown  in  Fig.  2.2  is  a  partial  record  of  wave  height  ver¬ 
sus  time  during  a  storm  in  the  Gulf  of  Mexico.  Although  the  relationship 
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of  wave  height  versus  time  looks  approximately  sinusoidal,  the  magnitude 
of  the  wave  heights  appear  to  be  random  In  nature.  As  a  wave  passes 
through  a  structure,  it  imposes  a  cyclic  load  on  the  structure  that  must 
be  resisted  by  the  foundation.  During  a  storm,  forces  from  wind  and  from 
water  currents  also  act  upon  the  structure.  The  result  of  all  the  forces 
combined  Is  a  static  lateral  load  upon  which  a  cyclic  lateral  load  is 


superimposed. 


CHARACTERISTICS  OF  COHESIVE  SOIL 


During  the  cyclic  loading  of  a  pile,  the  peak  deflection  increases 


with  continued  application  of  the  loads.  The  increase  in  the  amount  of 


deflection  is  considered  to  be  due  primarily  to  changes  in  the  character¬ 


istics  of  the  soil  providing  resistance  along  the  side  of  the  pile.  These 


changes  can  be  attributed  to  two  phenomena,  namely  the  reduction  of  the 


insitu  soil  modulus  due  to  cyclic  loading,  and  the  erosion  of  soil  along 


the  pile  wall  due  to  water  entering  and  exiting  the  gap.  Changes  in  the 
mechanical  properties  of  the  pile  material  during  cyclic  loading  could 


affect  the  load-deformation  behavior  of  the  pile;  however,  this  effect  is 


considered  to  be  minor  because  typical  offshore  piles  are  fabricated  of 


steel,  and  the  stress-strain  behavior  of  steel  remains  relatively  con¬ 


stant  as  long  as  no  forces  causing  yield  within  the  pile  have  been 


imposed. 


The  first  phemomenon  concerns  the  change  in  structural  behavior  of 


the  cohesive  soil  when  subjected  to  cyclic  loading.  For  specimens  of  clay 


subjected  to  cyclic  loading,  a  decrease  in  soil  modulus  has  been  observed. 
In  addition,  if  the  cyclic  loads  are  not  symmetric,  that  is,  if  higher 
levels  of  loading  are  applied  in  one  direction,  the  soil  specimen  may  tend 
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the  pile  and  to  dissipate  only  in  the  radial  direction.  The  Initial 
excess  pore  pressures  are  further  assumed  to  be  defined  as  follows: 

P(r)  =  P  r/r  r  >  r  >  - 

where 

P(r)  =  excess  pore  pressure  at  normalized  distance,  r/rQ,  from 
face  of  pile, 

PQ  =  Initial  excess  pore  pressure  adjacent  to  pile  wall, 

r  =  distance  from  center  of  pile  to  point  of  Interest. 

r  =  radius  of  pile. 

0 

The  solution  to  the  differential  equation  governing  the  dissipation 

c  t 

of  pore  pressures  with  dimensionless  time,  T  (T  =  -rr),  is  shown  by 
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the  curves  In  Fig.  2.3.  Assuming  a  pile  radius  of  55  cm,  a  range  for  a 
cohesive  material  (cy  =  5  x  10  *cm2/sec  to  5  x  10  2cmVsec)  and  a  duration 
of  one  day  for  a  storm,  the  values  of  Tp$  are  calculated  to  vary  from  a  Tow 
value  of  0.014  to  a  high  value  of  1.4.  As  shown  In  Fig.  2.3,  not  much  pore 
pressure  has  been  dissipated  at  these  values  of  Tps,  thus  It  seems  a  rea¬ 
sonable  approach  to  assume  the  cyclic  loading  of  the  pile  may  be  modelled 
as  undrained,  although  it  is  realized  that  some  drainage  will  occur  during 
the  cyclic  loading. 

A  second  type  of  cyclic  loading  in  which  drainage  plays  an  Important 
role  Is  the  Intermittent  cyclic  loading  that  occurs  during  several  differ¬ 
ent  storms.  As  a  storm  passes,  the  foundation  Is  subjected  to  cyclic 
loading  and  the  excess  porewater  pressures  will  dissipate  and  the  soil 
will  consolidate,  thus  changing  the  mechanical  characterlsltics  of  the 
soil.  This  phenomenon  Is  a  complex  one  and  Is  beyond  the  scope  of  this 


pressure  dissipation  functions 
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The  problem  of  predicting  the  behavior  of  a  vertical  pile  due  to 
cyclic  lateral  loading  is  complex.  In  order  to  provide  a  basis  for  ana¬ 
lytical  techniques,  simplified  assumptions  and  relatively  simple  labora¬ 
tory  techniques  must  be  used.  Described  below  are  the  types  of  tests  used 
and  the  reasons  why  the  particular  test  was  selected. 


Laboratory  Techniques  for  Assessing  Mechanical  Behavior  of  Soils 


In  determining  the  piece  of  laboratory  equipment  best  suited  for 
testing  soil  specimens,  the  decision  Is  often  based  on  which  device  simu¬ 
lates  best  the  boundary  conditions  present  in  the  field  case,  which  device 


yields  results  that  are  Interpretable  and  can  be  applied  to  analytical 
methods,  and  of  course,  which  device  is  economical  and  practical  to  build 


and  operate. 

As  mentioned  previously,  the  loading  due  to  ocean  waves  during  a 
storm  is  complex.  In  order  to  deal  with  a  complicated  load  history,  the 


loading  pattern  applied  to  laboratory  specimens  Is  often  simplified  to 
cyclic  loading  of  a  single  frequency  and  of  constant  amplitude.  The 
results  of  these  tests  are  then  used  to  define  parameters  for  analytical 


or  empirical  models  which  can  be  used  to  predict  the  soil  behavior  under  a 
more  complex  loading  history.  The  effect  of  cyclic  loading  on  soil  behav¬ 
ior  and  the  selection  of  a  procedure  for  testing  soil  specimens  to  model 


field  conditions  as  well  as  possible  is  discussed  below. 


The  behavior  of  cohesive  soils  subjected  to  non-dynamic  and  cyclic 
loads  Is  Influenced  by  several  factors.  Several  Investigators  (Theirs  and 
Seed,  1968,  1969;  Anderson,  1976;  Sangrey,  et  al,  1978;  Lee  and  Focht, 
1976)  have  studied  these  factors.  The  program  of  laboratory  tests  con¬ 
ducted  for  this  investigation  was  based  on  conclusions  drawn  from  the  ref¬ 
erenced  Investigations.  Some  of  the  variables  in  laboratory  procedures 


believed  to  be  the  most  influential  in  affecting  the  behavior  of  cohesive 
soil  under  cyclic  loading  are  as  follows: 

1.  type  of  testing  equipment  (triaxial  or  simple  shear), 

2.  type  of  loading  (one-way  or  two-way  cyclic  loading), 

3.  type  of  cyclic  boundary  conditions  (cyclic  stress  or  cyclic 
strain),  and 

4.  frequency  of  loading. 

In  the  following  paragraphs,  the  characteristics  of  the  laboratory  test¬ 
ing  that  was  conducted  are  described.  In  developing  the  test  program,  the 
above  factors  were  given  careful  consideration. 

Type  of  Testing  Equipment  (Cyclic  Triaxial  or  Cyclic  Simple  Shearl. 


Two  popular  types  of  laboratory  equipment  used  for  applying  cyclic  loading 
to  soil  specimens  are  the  triaxial  and  direct-simple-shear  devices.  Each 
one  of  these  devices  has  been  used  extensively  to  determine  behavior  of 
soil  subjected  to  cyclic  loads.  However,  neither  device  is  able  to  model 
exactly  the  boundary  conditions  imposed  on  the  soil  due  to  the  lateral 
loading  of  a  pile  from  environmental  effects. 

Lee  and  Focht  (1976)  present  advantages  and  disadvantages  character¬ 
istic  OT  both  devices  and  conclude,  on  the  basis  of  soil  behavior,  that 
neither  the  simple-shear  device  nor  the  triaxial  device  Is  clearly  superi¬ 
or.  Consequently,  the  decision  to  use  the  cyclic  triaxial  test  was  based 
on  the  availability  of  laboratory  equipment. 

Type  of  Loading  (One-way  or  Two-way).  Several  investigations  have 
been  conducted  to  assess  the  influence  of  two-way  and  one-way  cyclic  load¬ 
ing.  In  the  following  discussion,  two-way  cyclic  loading  is  considered  to 
define  loading  in  which  both  a  compressive  and  a  tensile  load  is  applied 
to  the  cap  of  the  triaxial  specimen.  The  term  one-way  loading  implies  a 
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cyclic  loading  In  one  direction  only.  Shown  in  Fig.  2.4  are  illustrations 
of  what  Is  meant  to  be  one-way  and  two-way  cyclic  loading. 

Lee  and  Focht  (1976)  suggest  that  laboratory  testing  of  soil  speci¬ 
mens  should  be  performed  by  applying  stress-history  conditions  represen¬ 
tative  of  field  conditions.  However,  considering  the  stress  histories  of 
soil  elements  surrounding  a  cyclically  and  laterally  loaded  pile,  it 
appears  evident  that  each  soil  element  Is  experiencing  different  combina¬ 
tions  of  stresses  depending  on  its  distance  from  the  pile,  its  depth  below 
the  ground  surface,  and  its  angular  position  with  respect  to  the  loading 
di recti  on . 

Because  the  loading  conditions  imposed  on  the  soil  elements  are  com¬ 
plex,  it  is  necessary  to  simplify  the  problem  by  limiting  the  discussion 
to  soil  elements  along  the  middle  of  the  front  face  of  the  pile.  Initial¬ 
ly,  the  stresses  imposed  on  the  soil  element  are  those  corresponding  to 

at-rest  conditions  and  consist  of  an  initial  vertical  stress,  a  ,  and  an 

vo 

initial  horizontal  stress  ahQ.  As  the  pile  is  loaded  horizontally,  the 

horizontal  stress  applied  to  the  soil  element  Increases  to  a  value  greater 

than  oho  and,  upon  reversing  the  direction  of  load  applied  to  the  pile, 

the  value  of  horizontal  stress  decreases  to  a  value  less  than  o.  .  Limit- 

no 

ing  values  exist  for  the  maximum  and  minimum  horizontal  stresses  that  can 
be  Imposed  on  the  soil  element;  however,  the  main  point  Is  that  the  hori¬ 
zontal  stresses  both  Increase  and  decrease  In  magnitude  from  their  ori¬ 
ginal  condition.  Thus,  It  seems  reasonable  that  the  laboratory  test 
should  apply  a  loading  scheme  which  both  Increases  and  decreases  the 
stress  within  the  soil  specimen.  One  such  method  available  in  the  labora¬ 
tory  is  two-way  loading  to  the  soil  specimen. 
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The  decision  to  use  control led-strain  tests  (instead  of  control led-stress 
tests)  In  the  laboratory  was  based  on  the  advantage  of  the  con- 
trolled-strain  test  In  controlling  the  behavior  of  the  soil  during  cyclic 
loading.  Some  of  the  advantages  control led-strain  tests  possess  over  con¬ 
trol  led-stress  tests  are  shown  below: 

1.  soil  specimens  experience  no  drift  in  strain  during  cyclic  load¬ 
ing,  and 

2.  cyclic  resistance  versus  cyclic  strain  can  be  determined  for 
post-failure  conditions. 

However,  neither  controlled-strain  nor  controlled-stress  tests  are 
representative  of  loading  conditions  Imposed  in  the  field  during  a  cyclic 
lateral-load  test.  Assuming  a  pile  is  loaded  cyclically,  with  a  constant 
maximum  value  of  horizontal  load,  the  surrounding  soil  Is  subjected-  to 
cyclic  loading.  If  the  pile  deformed  exactly  to  the  same  position  upon 
each  load  cycle,  then  a  controlled-stress  test,  or  even  a  con¬ 
trolled-strain  test,  would  seem  to  model  field  conditions  approximately. 
However,  as  cycling  of  the  pile  continues,  the  modulus  of  the  surrounding 
soil  decreases,  resulting  in  an  Increase  in  the  maximum  horizontal 
deflection  and,  consequently,  the  distribution  of  load  along  the  side  of 
the  pile  is  changed.  This  change  in  distribution  of  load  alters  both  the 
cyclic  strains  and  stresses  imposed  on  the  surrounding  soil. 

Frequency  Effects.  The  effect  of  frequency  on  the  behavior  of  cohe¬ 
sive  soils  subjected  to  cyclic  loading  has  been  Investigated.  (Mother- 
well,  1976;  Egan,  1977)  The  effect  of  an  increase  in  frequency  (or  strain 
rate)  is  a  corresponding  Increase  In  soil  strength  and  soil  modulus. 
Often,  the  effects  of  frequency  are  considered  by  performing  laboratory 
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tests  at  the  same  frequency  as  that  found  in  the  field  condition.  Because 
this  study  is  concerned  primarily  with  offshore  piles,  frequencies  corre¬ 
sponding  to  those  of  large  ocean  waves  seem  appropriate.  Consequently, 
frequencies  on  the  order  of  0.1  Hz  to  0.03  Hz  were  used. 

Laboratory  Techniques  for  Assessing  Erosional  Characteristics  of 
Soils.  The  mechanism  of  eroding  soil  from  the  pile-soil  interface  is  com¬ 
plex.  In  order  to  investigate  this  phenomenon,  two  types  of  tests  were 
conducted.  The  first  test  was  to  model  the  pumping  effect  by  inserting  a 
rod  into  a  cylindrical  block  of  soil,  and  then  to  apply  cyclic  defor¬ 
mations  to  the  pile  head  and  measure  the  amount  of  soil  eroded  by  the 
pumping  action  of  the  water  entering  and  exiting  the  gap  between  the  soil 
and  pile.  The  second  method  employed  was  to  perform  pinhole-dispersion 
tests  (Sherard,  et  al  ,  1976). 

Both  methods  seem  to  model  field  conditions  in  that  the  water  is 
flowing  across  a  surface  of  soil  and  is  free  to  erode  or  scour  the  sur¬ 
face.  Both  of  these  tests  are  discussed  in  more  detail  in  a  previous 
report  (Wang  and  Reese,  1983),  and  are  discussed  in  a  following  chapter. 

Cone! usi ons 

In  consideration  of  the  behavior  of  a  vertical  pile  subjected  to 
cyclic  lateral  loads,  several  factors  play  a  key  role  in  governing  the 
behavior  of  the  pile,  and  dictating  the  types  of  laboratory  tests  that 
should  be  conducted. 

The  laboratory  test  best,  suited  for  determining  the  mechanical  prop¬ 
erties  of  the  cohesive  soil  in  this  investigation  was  selected  to  be  a 
two-way,  control  1 ed-strain ,  cyclic  triaxial  test  performed  under 
undrained  conditions.  This  test  was  selected  on  the  basis  of  the  behavior 


of  the  soil  surrounding  the  pile  during  cyclic  loading  of  the  pile  head. 
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is: 


In  addition,  a  rod  test  and  a  pinhole-dispersion  test  were  selected  to 
identify  the  possibility  of  erosion  of  the  soil  due  to  water  entering  and 
exiting  the  gap  between  the  soil  and  pile. 


CHAPTER  3.  LITERATURE  REVIEW 


INTRODUCTION 

In  order  to  obtain  information  on  the  behavior  of  piles  in  cohesive 
soil  subjected  to  repetitive  lateral  loading,  several  case  hi  stories  were 
reviewed.  Both  model  tests  performed  in  the  laboratory  and  larger  scale 
tests  performed  in  the  field  were  investigated.  Background  information 
such  as  pile,  soil,  and  loading  characteristics  are  given  for  each  case 
history.  The  important  results  and  conclusions  drawn  are  then  presented. 

The  principal  thrust  of  the  study  reported  herein  was  to  gain  infor¬ 
mation  about  the  determination  of  the  resistance  of  cohesive  soils  around 
piles  subjected  to  cyclic,  later  loading  where  water  is  above  the  ground 
surface.  There  are  only  a  few  experiments  reported  in  the  technical  lit¬ 
erature  where  water  was  above  the  ground  surface  and  those  cases  are 
reviewed  in  this  chapter.  A  number  of  other  cases  are  discussed  where  the 
soils  were  cohesive  and  the  lateral  loading  was  cyclic  but  no  free  water 
was  above  the  ground  surface.  These  cases  are  also  reviewed  In  order  to 
gain  Insight  into  loss  of  soil  resistance  due  only  to  repeated  soil  defor¬ 
mations. 

The  rate  of  loading  Is  also  an  important  variable.  If  a  high  rate  of 
loading  is  employed,  the  soil  resistance  can  be  higher  than  that  for  stat¬ 
ic  loading  due  to  both  inertial  forces  and  rate-dependent  properties  of 
the  soil.  A  comment  is  made  in  the  presentation  of  each  of  the  cases  if 
either  of  these  effects  appear  to  have  an  influence  on  soil  resistance. 

Each  of  the  cases  reviewed  in  this  chapter  is  presented  without 
extensive  discussion.  A  section  at  the  end  of  the  chapter  will  present 
some  conclusions  that  refer  to  the  aims  of  this  study.  Some  of  the  cases 
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may  add  a  limited  amount  of  information  that  is  pertinent  to  the  study; 
however,  the  brief  review  is  of  interest  of  itself  In  that  useful  back¬ 
ground  information  is  developed  of  benefit  in  planning  possible  future 
studies. 

MODEL  TESTS 

The  results  of  three  model  tests  are  presented  below.  In  each  test, 
the  soil  was  placed  in  a  large  container,  after  which  the  piles  were 
Inserted  and  tested.  Each  model  test  was  conducted  in  a  different  manner 
in  order  to  investigate  the  effects  of  various  phenomena  concerning  the 
cyclic  lateral  behavior  of  piles. 

Gaul  (1958) 

In  a  series  of  model  tests  performed  by  Gaul  (1958),  both  static  and 
cyclic  lateral  loads  were  applied  to  a  model  pile  embedded  in  clay.  The 
model  pile  used  in  the  study  was  made  of  aluminum  tubing  with  an  outside 
diameter  of  2.375  in.,  an  inside  diameter  of  2.067  in.,  and  a  length  of  96 
in.  The  bending  and  material  properties  of  the  aluminum  model  piles  are 
given  below: 

Modulus  of  Elasticity,  E  =  10.3  x  10*  lb/sq  in. 

Moment  of  Inertia,  I  =  0.666  in.* 

The  soil  selected  for  this  study  was  composed  of  montmoril  Unite 
clay.  The  liquid  limit  and  plastic  limit  of  the  clay  were  determined  to 
be  600  percent  and  50  percent,  respectively. 

The  clay  was  mixed  at  a  water  content  of  400  percent  and  placed  in  a 
tank.  The  resulting  total  unit  weight  of  the  soil  was  reported  to  be  70 
Ib/cu  ft.  In  order  to  keep  the  exposed  surface  of  clay  from  drying,  a  thin 
la  er  of  water  was  ponded  over  the  surface  of  the  clay.  Later,  however,  a 


piece  of  oil  cloth  was  used  instead  of  the  water.  No  data  were  provided 
regarding  the  strength  properties  of  the  clay. 

Loading  of  the  pile  was  accomplished  by  connecting  one  end  of  a  long 
rod  to  a  loading  yoke  positioned  0.75  in.  below  the  pile  head  and  the  oth¬ 
er  end  of  the  rod  to  an  eccentric  position  on  a  rotating  flywheel.  The 
flywheel  was  rotated  at  1.0  Hz  and  the  pile  was  subjected  to  equal 
deflections  in  both  directions.  The  point  of  load  application  was 
reported  to  be  1  in.  above  the  ground  surface. 

One  static  and  four  cyclic  lateral  load  tests  were  conducted.  A  sur¬ 
face  pressure  was  applied  by  adding  weights  to  a  piece  of  plywood  that  sat 
on  the  soil.  The  testing  sequence  for  the  model  pile  is  given  below: 

Test  1.  both  static  and  cyclic  tests  performed  on  model  pile, 

Test  2.  same  as  test  1,  but  with  a  surface  pressure  of  25  lb/sq  ft, 

Test  3.  same  as  test  1,  but  with  a  surface  pressure  of  50  lb/sq.ft, 
and 

Test  4.  same  as  test  1,  but  with  no  surface  pressure. 

Shown  in  Figs.  3.1,  3.2,  and  3.3  are  the  relationships  of  bending 
moment  versus  depth  for  Tests  1,  2,  3,  and  4.  Based  on  these  results,  it 
can  be  seen  that  the  additional  overburden  decreased  the  observed  maximum 
moment  and  lateral  load  for  a  specific  lateral  deflection,  and  maximum 
moments  due  to  cyclic  loading  are  only  slightly  less  than  those  due  to 
static  loading  as  shown  in  Fig.  3.4. 

It  should  be  pointed  out,  however,  that  the  results  of  the  tests  are 
presented  as  either  cyclic  or  static.  No  reference  is  made  to  the  effect 
of  the  number  of  cycles  on  the  pile  behavior  nor  is  any  reference  given  to 
the  number  of  cycles  applied  to  the  pile  head  when  "cyclic"  results  were 


FIG.  3.4.  Lateral  load  versus  maximum  moment  relationship 
measured  from  tests  performed  by  Gaul 


Valenzuela  and  Lee  (1978)  report  results  of  cyclic  load  tests  con¬ 
ducted  on  aluminum  rods  measuring  0.127  In.  In  diameter  and  4.5  In.  in 
length  and  embedded  in  a  clay.  These  model  piles  had  bending  and  material 


properties  as  presented  below: 

modulus  of  elasticity,  E  =  10.0  x  10*  lb/sq  In. 
moment  of  Inertia,  I  =  2.043  x  1Q“*  In.*  and 
bending  moment  at  yield,  My  =  10.36  In. -lb. 

Model  piles  were  Inserted  Into  the  soil  to  an  embedment  of  3.5  In.,  and 
lateral  loads  were  applied  to  the  pile  head  at  a  height  of  1  in.  above  the 
soil  surface.  The  surface  of  the  soil  was  prevented  from  drying  by  cover¬ 
ing  the  top  with  a  thin  layer  of  flexible  plastic;  therefore,  no  free 
water  was  present  around  the  pile. 

The  soil,  termed  EPK  clay,  used  In  this  study  Is  classified  as  a  kao- 
llnlte  with  60  percent  of  the  soil  particles  smaller  than  two  microns. 
The  liquid  limit  and  plastic  limit  of  the  clay  was  determined  to  be  58  and 
21  percent,  respectively. 

The  soil  was  prepared  by  adding  water  to  the  clay  until  a  soil  slurry 
with  a  water  content  of  100  percent  was  obtained.  The  soil  slurry  was 
then  poured  into  a  10-1 n .  diameter  one-dimensional  consolidation  device, 
and  Incremental  vertical  pressures  were  applied  until  a  vertical  stress  of 
65  lb/sq  In.  was  achieved. 

Strength  properties  and  material  characteristics  of  the  soil  were 
determined  from  the  results  of  several  laboratory  tests  such  as  trlaxlal 
compression  and  direct  simple  shear  tests.  From  these  tests,  a  relation¬ 
ship  between  shear  strength  and  water  content  of  the  soil  was  established. 
Based  on  water  content  measurements,  the  undrained  shear  strength  of  the 


clay  used  during  the  model  tests  was  determined  to  be  10.7  lb/sq  in.,  and 
a  typical  stress-strain  curve  for  this  material  Is  shown  in  Fig.  3.5. 

Shown  in  Fig.  3.6  is  the  curve  obtained  for  lateral  load  versus  lat¬ 
eral  displacement  at  the  ground  surface  for  static  loading.  The  lateral 
load  resisted  by  the  model  pile  increases  sharply  with  lateral  displace¬ 
ment;  however,  the  slope  of  the  curve  decreases  with  increasing  displace¬ 
ment  and  decreases  sharply  after  a  horizontal  displacement  of  the  pile 
head  of  about  0.1  in.  A  loading  rate  of  9.5  lbs/min  was  employed  and 
according  to  Valenzuela  and  Lee  (1978),  the  pile  began  to  yield  plas¬ 
tically  upon  reaching  a  horizontal  deflection  of  0.1  in.  During  loading, 
a  gap  between  the  pile  and  soil  formed  along  the  back  (unloading)  side  of 
the  pile,  and  upon  unloading  to  a  horizontal  load  of  zero,  the  model  pile 
was  displaced  slightly  in  the  direction  of  load  and  a  gap  was  formed 
between  the  front  (loading)  face  of  the  pile  and  the  soil. 

Nineteen  cyclic  load  tests  of  the  model  piles  were  also  conducted. 
The  cyclic  loading  was  applied  at  a  frequency  of  1  Hz  and  a  two-way  load¬ 
ing  condition  (equal  magnitude  of  load  in  both  directions)  to  the  pile 
head  was  attempted.  Technical  problems  with  the  loading  system  caused  the 
magnitude  of  the  cyclic  load  to  vary;  however,  the  loads  were  observed, 
recorded  carefully,  and  adjusted  frequently  in  an  attempt  to  minimize  any 
large  fluctuation  of  load  during  the  test.  After  each  cyclic  test,  the 


pile  was  removed  from  its  testing  position  and  Inserted  In  another  area 
where  the  effects  of  any  previous  tests  were  felt  to  be  insignificant. 

During  the  cyclic  lateral-load  tests,  gaps  between  the  pile  and  soil 
formed,  resulting  in  load  versus  deflection  curves  for  the  top  of  the  pile 
as  shown  in  Fig.  3.7.  The  effect  of  the  gap  on  the  load-deformation 
relationship  is  most  visible  for  cycle  number  581.  As  lateral  load  is 
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s: 


Horizontal  Displacement  at  Soil  Surface  (in.) 


Lateral  load  versus  deflection  relationship 
measured  for  static  loading  performed  by 
Valenzuela  and  Lee  (from  Valenzuela  and  Lee, 
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applied,  the  slope  of  the  load-deflection  curve  is  very  flat,  and  remains 


so  until  a  horizontal  deflection  of  approximately  0.2  in.  is  reached.  At 


this  point,  the  gap  closes  and  the  pile  wall  and  soil  begin  to  come  into 


contact.  The  soil  begins  to  provide  lateral  resistance,  resulting  in  a 


sharp  increase  in  the  slope  of  load-versus-deflection  curve  as  is  shown 


between  displacement  of  0.2  in.  and  approximately  0.35  in.  Upon  unload¬ 


ing,  the  lateral  load  drops  quickly  with  deflection  and  then  the  slope  of 


the  load-deflection  curve  becomes  rather  flat  until  the  gap  between  the 


soil  and  pile  on  the  other  side  come  into  contact.  At  this  point,  the 


behavior  of  the  pile  is  very  similar  (but  opposite  in  direction)  to  the 


behavior  previously  described. 


The  resulting  relationships  between  peak  horizontal  deflection,  hor¬ 


izontal  load,  and  number  of  cycles  measured  during  the  lateral  load  test¬ 


ing  program  are  summarized  in  Figs.  3.8  and  3.9.  In  Fig.  3.8  is  shown  the 


relationship  of  peak  load  versus  peak  deformation  for  various  cycle  num¬ 


bers.  As  can  be  seen,  the  effect  of  cycling  at  a  constant  magnitude  of 


peak  load  is  to  increase  the  peak  deflection  of  the  pile  head.  In  addi¬ 


tion,  it  is  shown  that  for  1  and  2  cycles  of  load,  the  curve  of  peak  load 


versus  deflection  is  stiffer  than  the  curve  obtained  during  the  static 


tests.  This  difference  may  be  due  to  the  different  rates  of  loading 


employed  for  the  cyclic  tests  and  the  static  tests. 


Shown  in  Fig.  3.9  are  the  normalized  values  of  peak  displacement  ver¬ 


sus  the  number  of  cycles.  Magnitudes  of  lateral  deflection  (y)  were  nor¬ 


malized  by  dividing  the  value  of  y  by  the  diameter  (d)  of  the  pile.  In 


general,  it  can  be  seen  that  as  the  value  of  y/d  increases,  the  slope  of 


the  curve  of  y/d  versus  number  of  cycles  has  a  slight  tendency  to 


increase.  In  addition  it  can  also  be  seen  that  for  the  lower  values  of 
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y/d,  there  is  a  tendency  of  the  y/d  curve  to  flatten  out  and  become  nearly 
horizontal . 


Scott  (1977' 
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In  studies  conducted  on  a  model  pile  In  a  centrifuge,  Scott  applied 
cyclic  lateral  loads  to  a  model  pile  embedded  in  Santa  Barbara  silt.  The 
tests  were  performed  in  a  centrifuge  and  cyclic  loading  at  the  top  of  the 
pile  was  applied  under  two  conditions,  with  the  free  water  surface  above 
the  level  of  silt  and  with  dry  soil.  Scott  reports  that  the  water  flowing 
in  and  out  of  the  gaps  formed  at  the  front  and  back,  of  the  pile  tended  to 
mix  with  the  soil  and  contributed  to  the  softening  of  soil  adjacent  to  the 
pile. 

Other  results  found  in  the  study  by  Scott  are  not  presented,  because 
the  study  was  more  oriented  toward  the  behavior  of  piles  in  sand.  Howev¬ 
er,  the  main  point  presented  here  is  that  the  water  surface  was  shown  to 
effect  the  behavior  of  the  pile  by  entering  the  gap  and  mixing  with  the 
sol  1 . 


FIELD  TESTS 

Price  (1979),  Price  and  Wardle  (1980) 

The  results  of  several  carefully  conducted  lateral  load  tests  were 
presented  by  Price  (1979),  and  Price  and  Wardle  (1980).  In  these  tests, 
several  different  lateral  loadings  were  applied  to  both  a  single  pile  and 
a  group  of  three  piles.  The  magnitude  of  lateral  loading  was  small  in 
comparison  to  the  ultimate  load,  because  the  investigators  were  Inter¬ 
ested  primarily  in  the  behavior  at  working  loads. 

The  piles  used  in  this  Investigation  measured  6.6  In.  In  diameter  and 
16.7  ft  In  length;  however,  no  information  regarding  the  bending  proper- 
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ties  or  thickness  of  the  tubular  steel  piles  was  provided.  The  piles  were 
hydraulically  jacked  into  the  ground  to  an  embedment  of  15.1  ft;  however, 
a  portion  of  the  ground  surface  around  the  pile  was  subsequently  removed, 
resulting  in  an  embedment  of  13.6  ft.  The  point  of  load  application  was 
3.1  ft  above  the  ground  surface. 

Several  laboratory  and  in  situ  investigations  were  employed  to 
determine  the  strength  characteristics  and  the  stress-strain  properties 
of  the  weathered,  over-consolidated  clay.  Results  of  the  tests  are  shown 
in  Fig.  3.10.  As  can  be  seen,  the  strength  and  modulus  of  the  clay  are 
shown  to  increase  with  depth  from  the  ground  surface  to  a  depth  of  16  ft. 
The  position  of  the  water  table  was  not  reported;  therefore,  it  was 
assumed  to  be  below  the  ground  surface. 

Several  lateral  load  tests  were  conducted  on  the  piles;  however,  only 
the  results  of  the  controll ed-stress  cyclic  test  are  discussed  herein.  In 
this  test,  a  static  lateral  load  was  applied  to  the  pile  head,  followed  by 
several  cycles  of  lateral  load.  At  the  end  of  the  cyclic  testing,  another 
static  load  was  applied.  The  values  of  deflection  at  the  groundline  cor¬ 
responding  to  this  test  are  shown  below. 


Hori zontal 

Deflection  Test 


0.0249  static  deflection  at  450  lb  horizontal 

load  (before  cyclic  testing) 

0.0258  deflection  at  first  cycle  of  ±  450  lb 

horizontal  load 

0.0285  deflection  on  last  cycle  of  +  450  lb 

horizontal  load  (400  cycles) 

0.0307  static  deflection  at  450  lb  horizontal 

load  (after  cyclic  testing) 


TABLE  3.2.  RESULTS  OF  STATIC  AND  CYCLIC  LATERAL  LOAD 
TESTS  ON  TUBULAR  AND  H-SHAPED  PILES 
(from  Price  and  Wardle,  1981) 


- i 

Lateral 

Applied 

Pile  Head  D 

dsplacement 

Load 

No.  of 

at  start 

at  end 

(lb) 

Cycles 

(In.) 

(in.) 

4490 

— 

0.0886 

2245 

142 

0.0394 

0.0370 

3370 

135 

0.0610 

0.0626 

4490 

216 

0.0827 

0.0850 

4490 

— 

0.0898 

4490 

— 

0.0827 

4490 

339 

0.0772 

0.0827 

8980 

— 

0.2142 

8980 

936 

0.2071 

0.2472 

13470 

— 

0.4606 

13470 

337 

0.4181 

0.4299 

22450 

— 

1.2874 

19085 

237 

0.8992 

0.9469 

4490 

0.1236 

4490 

503 

0.1142 

0.1205 

8980 

— 

0.3008 

8980 

282 

0.2819 

0.3421 

8980 

— 

0.3543 

17960 

211 

0.7244 

0.7937 

8980 

_  v 

0.4063 

era!  load  of  8,980  lbs,  the  values  of  normalized  deflection  versus  number 
of  cycles  is  shown  in  Fig.  3.11. 


Several  observations  can  be  made  from  the  results  presented  in  Table 
3.2.  For  most  of  the  tests,  the  horizontal  deflection  increased  as  a 
result  of  cyclic  loading.  In  addition,  for  test  sequences  in  which  a 
static  load  test  was  followed  by  a  cyclic  load  test,  the  magnitude  of  hor¬ 
izontal  deflection  for  the  first  and  last  cycle  of  load  were  often  less 
than  the  magnitude  of  deflection  measured  during  the  static  test.  This 
result  is  due  to  the  different  loading  rates  used  for  the  static  and 
cycl ic  tests. 

The  results  of  the  cyclic  load  tests  conducted  on  the  H-shaped  and 
tubular-shaped  piles  are  shown  in  Fig.  3.11.  Values  of  normalized  dis¬ 
placement  versus  number  of  cycles  are  plotted  for  a  cyclic  load  of  8980 
lb.  The  curves  fitted  through  the  data  exhibit  similar  slopes;  however, 
the  H-shaped  pile  showed  a  higher  value  of  normalized  deflection  than  did 
the  tubular-shaped  pile. 

U.S.  Naval  Civil  Engineering  Lab  (1964) 

In  1964,  the  results  of  a  number  of  cyclic  lateral-load  tests  were 
reported  by  the  U.S.  Naval  Civil  Engineering  Laboratory.  It  was  intended 
to  measure  the  variation  of  soil  pressures  during  lateral  loading;  thus, 
specially  shaped  pile  cross  sections  were  fabricated  and  earth  pressure 
cells  were  installed  on  the  face  of  the  pile. 

The  piles  were  14-in.  16  WF  36  steel  sections  with  the  web  boxed  in 
by  steel  plates  welded  or  bolted  to  the  edges  of  the  flanges.  Holes  were 
cut  along  the  length  of  the  steel  plate,  and  pressure  cells  were  installed 
flush  with  the  outside  surface  of  the  pile. 


NORMAL 


FIG.  3.11. 


Normalized  deflection  versus  number  of  cycles 
relationship  for  tests  conducted  by  Price  and 
Wardle  (1982) 
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A  total  of  five  instrumented  piles  were  used  in  the  testing  program. 
Each  of  the  piles  had  slightly  different  structural  and  geometric  proper¬ 
ties,  and  are  listed  in  Table  3.3.  Some  of  the  pile  tests  were  conducted 
with  fixed  head  conditions  while  other  tests  simulated  fixed  head  condi¬ 
tions. 

The  properties  of  the  cohesive  soil  surrounding  the  pile  varied  con¬ 
siderably.  Due  to  seasonal  moisture  changes  in  the  upper  layers  of  soil, 
an  attempt  was  made  to  identify  the  soil  conditions  before  every  test. 
This  usually  consisted  of  obtaining  soil  specimens  from  which  water  con¬ 
tents  and  undrained  strength  tests  were  measured.  The  testing  program  was 
conducted  over  a  period  of  time  exceeding  two  years;  therefore,  seasonal 
variations  of  water  content  in  the  top  portion  of  the  soil  occurred. 
Obviously,  soil  properties  changed  at  shal low  depths.  Val ues  of  moi sture 
content  and  undrained  shear  strength  versus  depth  are  shown  in  Fig.  3.12. 
The  data  exhibit  significant  variations  in  water  content,  shear  strength 
and  blows  per  foot  (N  values)  in  the  upper  few  feet  of  the  clay  deposit; 
however,  in  an  average  sense,  values  of  shear  strength  in  the  upper  layer 
are  approximately  5  to  10  lb/sq  in.  at  the  ground  surface,  decreasing  to  a 
value  of  2  lb/sq  in.  at  a  depth  of  10  ft. 

Of  all  the  data  presented  in  the  USNCEL  report,  the  data  investigated 
and  presented  here  are  those  obtained  from  the  cyclic  pile  tests.  Several 
reasons  exist  why  other  data  was  not  used;  however,  the  main  reason  is  due 
to  the  seasonal  variations  In  soil  conditions.  Cyclic  loadings  were  typi¬ 
cally  tested  in  an  elapsed  time  of  one  to  two  days;  thus,  little  change  in 
soil  properties  due  to  seasonal  variations  were  expected. 
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TABLE  3.3.  GEOMETRIC  AND  MATERIAL  PROPERTIES 
OF  PILES  AT  USNCEL  SITE 


Number 

Length 

ft 

El 

108 

lb-sq  in. 

Method  of 
Pressure 
Measurement 

Spacing 

Pressure 

Measurement 

ft 

of 

Deflection 

Measurement 

ft 

1 

40 

23.0 

to 

29.2 

Fluid- 

filled  gauges 

5 

1  and  5 

2 

40 

11.5 

Fluid- 

fill  ed-gauges 

Variable 

1  to  5 

Variable 

1  to  5 

TABLE  3.4.  LIST  OF  CYCLIC  PILE  TESTS  PERFORMED 


AT  USNCEL 

REPORT 

Pile 

Date 

Load 

Number  of  Cycles 

Head  Condi 

1 

28  June  1957 

3,000 

500 

Free 

2 

23  July  1958 

5,000 

500 

Free 

2 

29  Oct.  1958 

10,000 

500 

Free 

2 

1  Oct.  1958 

5,000 

500 

Fixed 

2 

26  Nov.  1958 

10,000 

500 

Fixed 

42 


4°10 

uMOig  mis 


Shown  In  Table  3.4  Is  a  list  of  the  cyclic  load  tests  that  were  car¬ 
ried  out,  and  the  results  of  those  load  tests,  In  the  form  of  normalized 


deflection  versus  number  of  cycles,  as  shown  in  Fig.  3.13. 

Gilbert  (1980) 

Cyclic  lateral  load  tests  were  conducted  in  Louisiana  by  Gilbert 
(1980)  on  two  rocket-shaped  piles.  The  large  piles  were  driven  into  very 
soft  clay  and  tested  both  statically  and  cyclically.  Values  of  moment  and 
slope  versus  depth  were  measured  as  well  as  groundline  deflection.  Some 
pertinent  data  and  the  results  obtained  from  the  lateral  load  testing  pro¬ 
gram  are  presented  below. 

Two  tapered  piles  were  used  In  this  Investigation.  The  first  pile, 
termed  pile  A  ,  had  an  octagonal ly-shaped  cross  section,  and  was  44  ft  In 
length.  The  diameter  at  the  top  of  the  pile  was  33  in.  and  the  diameter  at 
the  bottom  was  22  in.  The  second  pile,  pile  B,  was  similar  In  shape  and 
length  to  pile  A;  however,  pieces  of  triangular-shaped  plate  steel  were 
welded  along  the  upper  20  ft  of  the  pile,  as  shown  In  Fig.  3.14.  Because 
the  piles  were  tapered,  the  values  of  El  varied  with  depth.  Values  of  El 
determined  by  Gilbert  are  shown  in  Fig.  3.15.  The  two  piles  were  driven 
Into  the  ground  by  a  3000  lb  drop  hammer. 

The  soil  surrounding  the  piles  was  Investigated  by  testing  specimens 
taken  from  two  soil  borings.  Water  content,  undrained  shear  strength  and 
total  unit  weight  versus  depth  are  shown  In  Fig.  3.16.  The  site  Investi¬ 
gation  revealed  that  the  upper  15  ft  consists  primarily  of  very  soft 
coarse  to  medium  textured  fibrous  peat.  Underlying  the  peat  layer  Is 
approximately  40  ft  of  normally  consolidated,  very  soft  to  soft  clay.  The 
data  on  water  content  versus  depth  reveal  water  contents  In  excess  of  250 
percent  In  the  top  10  ft  of  the  peat  deposit.  Data  on  undrained  strength 


Chalmette 


suggest  values  of  shear  strength  in  the  range  of  50  lbs/sq  ft  within  the 


top  10  ft.  Additionally,  the  water  table  was  reported  to  be  at  or  above 


the  groundline;  however,  no  mention  was  made  if  the  water  was  available  to 


enter  and  exit  a  gap  between  the  pile  face  and  the  soil. 


After  the  piles  were  driven,  they  were  allowed  to  stand  for  about  one 


week  before  testing.  A  pull  pole,  59  ft  in  length,  was  attached  vertical¬ 


ly  to  the  top  of  the  pile  and  a  300-ft  cable  was  attached, to  the  top  of  the 


pull  pole  and  connected  to  the  winch  of  a  crane.  A  load  cell  was  attached 


to  the  cable,  and  during  loadings  the  crane  operator  could  control  the 


load  at  the  top  of  the  pile  by  observing  the  load  cell  output.  Control  of 


the  load  to  +/-  50  lb  was  reported. 


The  loading  schedule  was  similar  for  both  piles.  First  a  static  load 


was  applied  for  one  hour,  or  until  lateral  movement  ceased;  then  cyclic 


loading  began.  The  cyclic  loadings  were  performed  by  unloading  to 


one-half  the  current  static  load  and  then  reloading  to  the  current  value 


of  load  again.  This  cycling  was  performed  25  times  at  a  frequency  of  four 


cycles  per  minute  (or  15  sec  per  cycle).  Shown  *n  Fig.  3.17  are  the 


1  oad-versus-def 1 ection  curves  for  both  static  and  cyclic  loading. 


In  addition  to  the  values  of  deflection  at  the  start  and  at  the  end 


of  each  level  of  cycling,  one  curve  of  deflection  versus  number  of  cycles 


was  presented.  Shown  in  Fig.  3.18  is  the  increase  in  deflection  with  num¬ 


ber  of  cycles  seen  for  Pile  A  at  a  cyclic  load  varying  between  7.5  kips  and 


15  kips.  The  slope  of  the  curve  is  much  less  than  the  slopes  exhibited  in 


figures  presented  earlier  of  normalized  deflection  versus  number  of 


cycles.  Thus,  it  may  be  interpreted  that  the  effect  of  cyclic  loading 


experienced  here  is  less  than  exhibited  in  the  previous  case  histories. 


versus  deflection  relationship  for  the  two  test 
at  Chalmette,  Louisiana  (from  Gilbert,  1980) 


1 


.  3.18. 


10  100 
NUMBER  OF  CYCLES 


1 


Normalized  lateral  deflection  versus 
number  of  cycles  at  Chalmette,  Louisiana 
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Tasslos  and  Levendis  (1974 


The  results  of  several  static  and  cyclic  lateral  load  tests  are 
reported  by  Tasslos  and  Levendis  (1974).  These  tests  were  performed  on  24 
Frankl  piles  located  In  France. 

Although  information  regarding  the  characteristics  of  pile  material 
Is  not  presented,  the  piles  were  20.5  In.  In  diameter,  32.8  ft  In  length, 
and  circular  In  cross  section.  The  piles  were  tested  by  jacking  apart  two 
adjacent  piles.  Each  cycle  of  loading  took  approximately  10  minutes. 

The  soil  was  described  as  a  uniform  clay,  and  the  soil  character¬ 
istics  were  found  from  laboratory  and  In  situ  testing  techniques  and  are 
presented  In  Fig.  3.19. 

Two  types  of  cyclic-loading  tests  were  conducted.  In  the  first 
series  of  tests  on  two  piles,  one-way  cyclic  loading  was  applied  to  the 
head  of  the  pile  for  maximum  values  of  lateral  load  of  4.4  kips,  8.8  kips, 
and  13.2  kips.  The  results  of  the  tests  on  two  separate  piles  at  a  lateral 
load  varying  cyclically  from  zero  to  13.2  kips  Is  shown  In  Fig.  3.20.  In 
addition,  two-way  cyclic  loading  was  used  for  a  series  of  piles  and  the 
results  of  these  tests  are  shown  In  Fig.  3.21  for  a  lateral  load  of  +/- 
13.2  kips.  It  can  readily  be  seen  that  the  horizontal  displacement 
Increases  with  number  of  cycles  for  both  cases  presented  In  Figs.  3.20  and 
3.21.  Additionally,  It  Is  Important  to  note  the  difference  between  the 
two  curves  plotted  in  each  figure.  In  Fig.  3.20,  lateral  deflections  of 
Pile  D  are  shown  to  be  10  to  20  percent  greater  than  measured  lateral 
deflections  of  Pile  G.  These  differences  are  attributed  to  small  vari¬ 
ations  In  construction  procedure  and  soil  conditions;  however,  it  was 
attempted  to  construct  the  piles  In  an  identical  manner  and  the  soil  con¬ 
ditions  were  not  expected  to  vary  significantly  between  piles. 


Soil  profile  at  site  tested  by 
Tassios  and  Levendis  (1974) 


ws.vs  VS 


Horizontal  displacement  versus  number  of  cycles  for  piles  su 
to  a  13,200  lb  one-way  cyclic  loading  (from  Tassios  and  Leve 


Horizontal  displacement  versus  number  of  cycles  for  a  pile  subjected  to 
a  13,200  lb  two-way  cyclic  loading  (from  Tassios  and  Levendis,  1974) 


In  Fig.  3.21,  lateral  deflections  of  the  same  pile  were  different 
depending  on  the  direction  of  horizontal  load.  Deflections  due  to  a  load 
from  side  1  were  50  to  100  percent  greater  than  deflections  due  to  a  load 
from  side  2.  This  difference  cannot  be  attributed  to  variations  In  pile 
properties  because  only  one  pile  was  tested;  therefore,  the  difference  In 
behavior  must  be  attributed  to  a  variation  in  the  soil  properties  due  to 
nature,  or  due  to  installation  of  the  test  pile  and  the  surrounding  piles. 

Shown  In  Fig.  3.22  are  the  curves  representing  the  relationship 
between  normalized  horizontal  displacement  and  number  of  cycles  for 
several  of  the  cyclic  lateral  load  tests  conducted  on  the  piles.  In  this 
plot,  It  can  be  seen  that  the  slope  of  the  curves  Increases  for  higher 
Initial  values  of  normalized  deflections. 

Harvey  (1980) 

A  cyclic,  lateral-load  test  was  conducted  in  Harvey,  Louisiana  by 
Matlock,  et  al  (1980).  The  main  scope  of  the  research  project  was  to 
determine  the  lateral  behavior  of  pile  groups;  however,  two  lateral  load 
tests,  one  static  and  one  cyclic,  were  performed  on  single  piles. 

The  soil  at  the  site  consisted  of  a  soft  gray  clay  with  occasional 
thin  lenses  of  peat,  silt  and  sand.  Several  laboratory  and  in  situ  tests 
were  performed  to  determine  soil  properties  such  as  undrained  shear 
strength,  classification,  and  Atterberg  limits.  Shown  In  Fig.  3.23  is  a 
soil  and  water  content  profile  at  the  site.  Data  on  soil  strength  are 
shown  in  Fig.  3.24  . 

The  piles  used  In  this  Investigation  were  6.625  In.  In  outside  diam¬ 
eter  with  a  wall  thickness  of  0.280  In.  The  piles  were  45  ft  In  length 
with  the  bottom  15  ft  being  open-ended,  leaving  the  top  30  ft  dry  and  sui¬ 
table  for  instrumentation  Inside  the  pile. 
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FIG.  3.22. 


Normalized  lateral  deflection  versus  number  of  cycles 
for  tests  performed  by  Tassios  and  levendis  (1974) 


The  piles  were  driven  to  an  embedded  length  of  38  ft  and  loaded  with 
a  device  that  closely  simulated  a  fixed-head  condition.  The  deflection 
was  controlled  with  deflections  in  the  opposite  direction  of  primary  load¬ 
ing  maintained  at  10  percent  of  the  maximum  deflection  In  the  major  direc¬ 
tion.  Cyclic  loads  were  applied  at  a  rate  varying  from  20  seconds  per 
cycle  up  to  one-and-a-half  minutes  per  cycle.  The  free  water  surface  was 
above  the  ground  surface;  thus,  water  was  allowed  to  enter  or  exit  any 
gaps  between  the  soil  and  pile. 

After  the  values  of  moment  and  load  stabilized  during  cyclic  loading, 
readings  were  taken.  This  typically  occurred  at  20  to  100  cycles.  Values 
of  deflection  per  load  cycle  are  not  reported;  however,  curves  for  static 
loading  and  stabilized  cyclic  loading  were  given  and  are  shown  In  Fig. 
3.25. 

Lake  Austin  (1970) 

A  static  and  cyclic  lateral  load  test  was  conducted  on  a  pile  In  clay 
near  Austin,  Texas  In  1956.  Some  results  of  these  tests  are  presented  by 
Matlock,  et  al  (1970). 

The  soils  In  the  upper  layers  at  the  Lake  Austin  site  are  believed  to 
have  been  deposited  within  the  last  century.  The  soil  Investigation  con¬ 
sisted  of  in  situ  vane  and  three  shelby  tube  samples.  Isotropical¬ 
ly-consolidated  undrained  triaxlal  (CIU)  and  unconfined  compression  tests 
were  performed  on  natural  and  remolded  specimens.  In  addition,  natural 
water  content  and  Atterberg  limits  were  determined  at  several  depths.  The 
results  of  these  tests  are  shown  In  Fig.  3.26. 

The  steel  pile  was  12.75  In.  in  diameter  and  had  a  wall  thickness  of 
0.50  in.  The  length  of  the  pile  was  42  ft.  The  pile  was  well  instrumented 
with  strain  gauges. 
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FIG.  3.25.  Lateral  load  versus  deflection  relationship  for 
Harvey  site  (from  Matlock,  et  al ,  1980) 
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FIG.  3.26.  Soil  profile  for  Lake  Austin  site 
(from  Matlock,  et  al,  1956) 


The  pile  was  driven  with  a  drop  hammer  and  allowed  to  sit  for  approx¬ 
imately  15  days  before  loading.  Water  was  ponded  around  the  pile  so  that 
if  a  gap  formed  between  the  pile  and  soil,  fluid  would  be  free  to  enter  and 
exit  the  cavity  as  the  pile  was  cycled.  The  cyclic  loads  were  applied  at  a 
rate  of  one  cycle  every  10  to  15  seconds  with  a  load  in  the  minor  direction 
equal  to  40  percent  of  the  load  in  the  major  direction.  However,  when 
readings  for  bending  moment  were  to  be  recorded,  the  load  was  held  con¬ 
stant  for  strain-gauge  readings.  Recording  data  from  the  strain  gauges 
took  a  longer  amount  of  time  than  the  rate  at  which  the  pile  was  cycled; 
therefore,  the  rate  of  loading  of  10  to  15  seconds  per  cycle  was  not  pre¬ 
served  for  the  cycles  that  were  specified,  namely  cycle  numbers  1,  22  and 
500. 

The  results  of  load  versus  deflection  for  the  static  and  cyclic  load¬ 


ing  are  shown  in  Fig.  3.27.  The  effect  of  cyclic  loading  can  be  seen 
clearly  as  the  lateral  deflection  due  to  a  cyclic  load  of  15  kips  is 
approximately  twice  the  lateral  deflection  at  a  static  load  of  15  kips. 

Plotted  in  Fig.  3.28  are  the  measured  values  of  normalized  displace¬ 
ment  versus  number  of  cycles.  Regardless  of  the  level  of  loading,  the 
slopes  of  the  curves  seem  to  remain  constant. 

Sabine  (1970) 

After  the  tests  at  Lake  Austin,  the  instrumented  pile  was  pulled  and 
transported  to  a  test  site  near  Sabine,  Texas.  There  a  series  of  static 
and  cyclic  tests  were  performed. 

The  soil  at  the  site  is  classified  as  a  soft,  slightly 
over-consolidated  marine  clay  with  an  estimated  undrained  shear  strength 
of  approximately  300  lb/sq  ft.  The  water  contents,  Atterberg  limits  and 
visual  classifications  of  the  soil  were  determined  from  tests  and  sped- 


lYn 


9  150001 


lOOOOf 


5000  hyo 


Measured 
o  Stotic 
•  Cyclic 


FIG.  3.27. 


Horizontal  Deflection  (in.) 


Load  versus  deflection  relationship  at  groundline 
for  Lake  Austin  test  (from  Matlock,  et  al,  1956) 


mens  obtained  from  several  borings  in  the  test  area.  Shown  in  Fig.  3.29 


is  a  summary  of  the  results  of  laboratory  and  field  tests. 


As  the  piles  were  driven,  special  care  was  taken  to  keep  the  piles 


vertical,  and  to  minimize  any  soil  disturbances  in  the  top  few  pile  diam¬ 


eters.  Pile-head  restraint  was  varied  for  the  cyclic  tests;  thus,  both 


free  and  restrained-head  tests  were  conducted.  Here,  as  in  the  tests  per¬ 


formed  at  Lake  Austin,  water  was  ponded  above  the  ground  surface  to  allow 


fluid  to  enter  and  exit  any  gaps  forming  between  the  pile  and  soil 


Cyclic  loads  were  applied  at  a  rate  of  approximately  20  seconds  per 


cycle;  however,  values  of  deflection  versus  number  of  cycles  was  not  pre¬ 


sented. 


In  order  to  get  an  idea  of  the  magnitude  of  Increased  deflection 


caused  by  cyclic  loading,  the  static  load-versus-deflection  curve  and  the 


cyclic  load-versus-deflection  curve  are  shown  in  Fig.  3.30a  and  3.30b  for 


both  the  free-  and  fixed-head  conditions.  The  effect  of  cyclic  loading  is 


more  pronounced  for  the  free-head  pile  than  for  the  restrained-head  pile. 


Two  factors  contributing  to  this  observation  are  the  Increased  lateral 


stiffness  of  the  pile-soil  system  due  to  restraining  the  pile-head,  and 


since  deflections  are  smaller,  degradation  of  soil  resistance  in  the  sur¬ 


rounding  soil  should  be  less. 


Shown  also  in  Fig.  3.31  is  a  log-log  plot  of  normalized  deflection 


versus  number  of  cycles  obtained  by  assuming  the  static  deflection  could 


be  taken  as  the  cyclic  deflection  for  the  first  cycle.  For  the  free-head 


piles,  the  slope  of  the  curves  is  seen  to  increase  with  increasing  load 


level.  The  curves  plotted  for  the  restrained  head  case  show  much  smaller 


slopes,  and  for  the  lower  values  of  load,  the  slopes  are  negative.  This 
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FIG.  3.30a.  Load  versus  deflection  relationship  at 
groundline  for  free-head  test  at  Sabine 
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FIG.  3.30b.  Load  versus  deflection  relationship  at 
groundline  for  restrained-head  test  at 
Sabine 
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observation  can  be  explained  by  emphasizing  that  the  value  plotted  for  the 


first  cycle  was  obtained  from  the  static  test  results. 


Reese  and  Welch  (1972] 


A  cyclic-loading  test  was  conducted  on  an  instrumented  drilled  shaft 


in  Houston  in  a  stiff,  slightly  fissured  clay.  The  soil  characteristics 


at  the  site  were  determined  by  laboratory  testing  of  specimens  obtained 


from  4 -in.  diameter  thin-walled  shelby  tube  specimens.  The  laboratory 


tests  consisted  of  visual  classification,  Atterberg  limits,  unconsol¬ 


idated-undrained  triaxial  compression  tests,  and  repeated-load  triaxial 


tests.  The  soil  profile  and  strength  and  water  contents  versus  depth  are 


shown  in  Fig.  3.32  . 


The  heavily  reinforced  concrete  shaft  had  a  diameter  of  30  in.,  and 


the  shaft  extended  to  a  depth  of  42  ft  below  the  ground  surface.  The  shaft 


was  loaded  up  to  a  specific  value  of  lateral  load,  and  then  cycled.  -Each 


cycle  of  load  took  approximately  two  minutes.  The  number  of  cycles  at 


each  load  level  varied  between  10  and  25  cycles. 


The  value  of  El  of  the  shaft  was  determined  experimentally  to  be  1.'34 


x  1011  lb/sq  in. 


In  Fig.  3.33  are  curves  showing  load-versus-dlsplacement  cyclic 


loading,  and  in  Fig.  3.34  is  a  plot  of  the  normalized  displacement  versus 


number  of  cycles.  As  can  be  seen,  cycling  increased  the  head  deflection  at 


each  load  level,  and  furthermore,  the  slopes  of  the  line  are  seen  to 


increase  with  increasing  load  level. 


Reese.  Cox  and  Kooo  (1975 


A  series  of  lateral  load  tests  were  conducted  <  n  four  piles  in  a  test 


pit  located  near  Manor,  Texas.  Two  piles  were  24  in.  in  diameter,  and  two 


it 


SSS- 


Description 


Cohesion  (lons/ft2) 

— o-  ■  '"O'  

0.5  1.0  1.5  2,0  2.5 

Moisture  Content  (%) 
10  *20  § 0  40*  50 


O  oo 


o  °/° 
o  o  \  o 
.  .  od  4  n 


o 

o  o 


of  Silt 


FIG.  3.32.  Soil  profile  at  Houston  site 
(from  Welch  and  Reese,  1972) 
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FIG.  3.34.  Normal  1  zed  lateral  deflection  versus 
number  of  cycles  for  Houston  site 


were  6  in.  in  diameter.  The  geometric  and  material  properties  of  each 
pile  are  shown  below: 


Pile  No. 

OD 

ID 

El  (Ib/sq  in.) 
from  0-23  ft 

El  (lb/sq  in.) 
from  23-50  ft 

1 

25.25 

23.25 

17.204  El 

5.8671  E10 

2 

25.25 

23.25 

16.915  E10 

6.0853  E10 

from  0-28  ft 

from  28-43  ft 

3 

6.625 

0.718 

1.8298  E9 

8.4426  E8 

4 

6.625 

0.718 

1.8298  E9 

8.4426  E8 

The  soil  surrounding  the  piles  was  classified  as  a  medium  stiff  clay 
of  high  plasticity.  The  clay  was  slightly  jointed  and  fissured  with  many 
of  the  fissures  having  different  colored,  softer  clay  within  them.  The 
shear  strength  of  the  clay  varied  linearly  from  about  zero  at  the  ground 
surface  to  about  3.5  T/sq  ft  at  a  depth  of  13  ft  below  the  ground  surface. 
The  shear  strength,  Atterberg  limits,  and  natural  water  content  are  shown 
as  a  function  of  deph  In  Fig.  3.35,  along  with  ’  isual  classifications  for 
the  soil . 

The  stress-strain  curves  for  the  soil  are  shown  in  Fig.  3.36  and  var¬ 
ied  considerably  depending  on  the  joints  and  fissures  located  within  the 
triaxial  specimens. 

Piles  1  and  2  were  carefully  Instrumented  in  the  laboratory,  and  then 
driven  in  the  field  to  their  required  depth.  Piles  3  and  4  are  In  fact  the 
same  pile.  They  were  assigned  different  numbers  to  distinguish  the  differ¬ 
ent  testing  sequences  applied  to  the  pile  head. 
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FIG.  3.36.  Stress-strain  curves  for  the 
fissured  Manor  soil  (from 
Reese,  et  al ,  1975) 
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All  the  piles  were  loaded  with  hydraulic  jacks.  Piles  1,  2  and  3 
were  loaded  with  a  free-head  condition,  with  the  load  applied  one  foot 
above  the  groundline.  Pile  4  was  loaded  with  a  restrained-head  condition. 
All  the  piles  were  tested  under  both  cyclic  and  static  loading.  The  rate 
of  loading  for  the  cyclic  loading  tests  required  approximately  20-40  sec¬ 
onds  per  cycle  depending  on  the  magnitude  of  load  and  deflection.  The 
results  of  static  and  cyclic  tests  are  presented  below. 

Pile  1  was  loaded  statically  and  the  resulting 
load-versus-def lection-at-groundl Ine  curve  Is  shown  In  Fig.  3.37.  At  a 
maximum  load  of  136,000  lbs,  the  lateral  deflection  was  approximately  0.87 
in.  From  the  start  of  the  test  to  peak  loading  took  approximately  three 
and  one-half  hours. 

Upon  completion  of  the  static  loading  of  Pile  1,  cyclic  loads  were 
applied.  Three  separate  series  of  loads  were  applied  with  the  direction 
of  the  maximum  load  opposite  to  the  direction  applied  during  the  static 
loading.  The  results  are  plotted  as  negative  values  In  Ffg.  3.37. 

In  the  first  series  of  loadings,  10  cycles  of  load  were  applied  at 
each  level  of  load  below  80,000  lbs.  At  a  load  level  of  approximately 
80,000  lbs,  20  cycles  of  load  were  applied,  at  105,000  lbs,  25  cycles  and 
at  115,000  lbs,  30  cycles.  At  a  maximum  load  of  122,000  lbs,  70  cycles  of 
load  were  applied.  The  resulting  load-deflection  curve  is  shown  in  Fig. 


In  the  second  series  of  loadings,  10  cycles  of  load  were  applied  to 
the  pile  head  from  a  magnitude  of  load  of  0  to  137,000  lbs.  At  the  end  of 
the  tenth  cycle  of  load,  the  resulting  deflection  at  the  groundline  was 
approximately  1.3  In.  The  pile  was  then  unloaded,  and  once  again  loaded 
to  approximately  118,000  lbs  and  cycled  20  times,  resulting  In  a  final 
deflection  of  about  1.26  in.,  as  shown  in  Fig.  3.37. 


The  final  series  of  loadings  on  Pile  1  was  performed  by  loading  the 
pile  to  a  load  of  approximately  104,000  lbs  and  cycling  for  500  cycles. 
The  values  of  load  versus  horizontal  deflection  at  the  groundline  are 
shown  for  cycle  numbers  100,  200,  300,  400  and  500  In  Fig.  3.37. 

On  the  basis  of  the  results  from  the  load  tests  conducted  on  Pile  1, 
several  observations  can  be  made.  Deflections  under  cyclic  loading  were 
larger  than  those  for  static  loading  for  the  same  magnitude  of  load,  and 
continued  cycling  caused  Increased  deflection,  especially  at  the  higher 
levels  of  loading.  At  the  lower  levels  of  loading,  the  cycling  influenced 
the  deflection  to  a  lesser  degree  than  at  the  larger  loads. 

Cyclic  loads  were  applied  first  to  Pile  2  and  loading  was  discontin¬ 
ued  when  It  was  determined  that  further  cycling  caused  no  Increase  in 
deflection.  The  resulting  load  schedule  was  20  applications  of  load  for 
each  load  level  up  to  15,000  lbs,  30  cycles  for  each  load  level  up. to 
35,000  lbs,  40  cycles  for  50,000  lbs,  600  cycles  for  each  load  level  up  to 
67,000  lbs,  and  100  cycles  of  load  up  to  100,000  lbs  of  load.  The  curve  of 
load  versus  deflection  Is  shown  In  Fig.  3.38. 

After  the  cyclic  test  of  Pile  2,  a  static  test  was  conducted  with  the 
direction  of  load  the  same  as  applied  in  the  cyclic  load  test.  The 
results  of  the  static  test  are  shown  In  Fig.  3.38. 

The  results  from  the  tests  of  Pile  2  showed  that  cycling  at  lower 
levels  of  load  caused  less  Increase  In  deflection  than  cycling  at  higher 
levels  of  load.  Also,  at  higher  levels  of  load  continued  cycling  caused 
an  increase  In  deflection.  The  load-deformation  curve  for  the  static 
reloading  was  very  flat. 

Pile  3  was  first  loaded  statically,  and  then  cyclically  with  the 
major  load  oriented  opposite  to  the  direction  of  static  loading.  The 
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FIG.  3.38.  Load-versus-defl ection  curves  for 
pile  no.  2  at  Manor  site 


static  loads  were  Increased  In  Increments  to  a  load  of  10,500  lbs;  maximum 


groundline  deflection  was  0.83  in.  The  time  for  the  test  was  about  three 


hours.  The  curve  of  load  versus  deflection  is  shown  in  Fig.  3.39.  After 


the  static  loading  was  completed,  a  cyclic  load  test  was  conducted.  Dur¬ 


ing  the  cyclic  load  test,  several  applications  of  load  were  applied  to  the 


pile  head  for  each  level  of  load.  For  loads  below  4,000  lbs  approximately 


20  cycles  were  applied  for  each  load.  For  loads  between  4000  and  6000 


lbs,  40  to  50  cycles  were  applied  for  each  load,  and  for  loads  above  6000 


lbs,  100  cycles  of  load  were  applied.  The  curve  for  the  the  cyclic  load 


test  is  shown  in  Fig.  3.39. 


The  same  observations  can  be  made  about  the  pile  behavior  measured 


for  pile  3  as  mentioned  before;  that  is,  that  continued  cycling  leads  to 


an  Increase  in  deflection,  and  the  load  versus  deflection  curve  for  the 


static  load  yields  a  smaller  deflection  for  a  given  load  than  does  the 


cyclic  load. 


The  top  of  Pile  4  was  partially  restrained  against  rotation  during 


loading  by  a  truss  mechanism.  Static  loading  was  done  first;  the  result¬ 


ing  curve  of  load  versus  deflection  Is  shown  In  Fig.  3.40.  A  maximum  load 


of  16,900  lbs  resulted  In  a  measured  deflection  of  0.98  in.  The  load  was 


applied  1  ft  above  the  groundline  in  testing  Pile  4.  As  may  be  seen  by 


comparing  Figs.  3.40  and  3.39,  the  use  of  the  restraint  at  the  head  of 


Pile  4  led  to  a  stiffer  curve  than  for  Pile  3.  Acyclic  loading  test  was 


conducted  on  Pile  4  after  the  static  test  was  completed.  Several  cycles 


of  load  were  applied  at  each  load  level  with  100  cycles  being  applied  at 


the  higher  loads.  The  resulting  curve  of  load  versus  deflection  Is  shown 


in  Fig.  3.40. 
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Load-versus-deflection  relationship  for 
pile  no.  3  at  Manor  site 
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CONCLUSIONS 


Several  conclusions  may  be  drawn  from  the  results  of  these  lateral 
load  tests  regarding  the  behavior  of  piles  due  to  cyclic  lateral  loading. 
The  main  conclusions  are  listed  below: 

1)  Depending  on  the  load  level  and  soil  characteristics,  the  results 
of  static  and  cyclic  loading  can  be  very  similar,  as  found  from 
the  results  of  tests  performed  by  Gaul  (1958),  and  Price  and  War- 
die  (1982),  or  the  results  of  static  and  cyclic  loading  can  be 
very  different  such  as  found  In  the  results  of  tests  performed 
near  Manor,  Texas. 

2)  The  rate  at  which  the  pile  is  loaded  laterally  affects  the  corre¬ 
sponding  behavior  as  seen  In  the  tests  of  Valenzuela  and  Lee 
(1976),  and  Price  and  Wardle  (1981).  In  the  tests  performed  by 
Valenzuela  and  Lee,  deflections  Increased  due  to  cyclic  loading; 
however,  deflections  during  the  first  few  cycles  were  measured  to 
be  less  than  measured  static  deflections.  For  the  tests  performed 
by  Price  and  Wardle,  lateral  deflections  also  Increased  with  num¬ 
ber  of  cycles;  however.  In  many  cases,  the  lateral  deflection  meas¬ 
ured  on  the  last  cycle  was  less  than  that  measured  for  the  static 
test. 

3)  Several  of  the  lateral  load  test  results  could  be  presented  as 
normalized  displacement  versus  number  of  cycles  (log-log  relation¬ 
ship).  In  most  of  the  lateral  load  tests,  the  relationship  could 
be  approximated  with  a  straight1  line.  For  tests  conducted  at 
several  values  of  lateral  load,  it  was  observed  that  the  slope  of 
the  lines  increased  with  increasing  load  level. 


4)  As  demonstrated  In  the  test  results  of  Tassios  and  Levendls, 
Frankl  piles  installed  Identically  driven  into  the  same  soil 
behaved  differently  when  subjected  to  cyclic  loading.  Lateral 
deflections  experienced  by  one  pile  were  seen  to  be  10  percent 
greater  than  the  other  pile.  In  addition,  results  from  a  single 
pile  loaded  cyclically  in  opposite  directions  showed  deflections 
in  one  direction  to  be  100  percent  greater  than  measured  in  the 
opposite  direction. 

5)  As  shown  in  the  Manor  test  results,  where  static  test  results  were 
compared  with  the  first  cycle  of  each  load  level  in  the  cyclic 
tests  results,  cycling  at  lower  levels  of  load  affects  the  load 
deformation  behavior  of  the  pile  at  higher  levels  of  load. 

6)  For  lateral  load  tests  in  which  water  was  ponded  at  the  surface, 
soil  was  reported  to  have  been  eroded  along  the  gap  that  formed 
between  the  pile  and  soil.  The  amount  of  erosion  varied  at  each 
site,  but  was  reported  to  be  very  obvious  for  tests  conducted  at 
Manor,  and  almost  insignificant  for  the  tests  conducted  at 


CHAPTER  4.  CURRENT  STATE-OF-THE-ART 


INTRODUCTION 

The  principal  method  of  solution  for  a  pile  under  lateral  loading 
requires  the  modelling  of  the  soil  by  p-y  curves  and  the  computation  of 
the  pile  response  by  digital  computer.  The  differential  equation  that 
governs  the  pile  behalor,  even  with  nonlinear  soil  response,  can  be  con¬ 
veniently  solved  by  use  of  difference  equations. 

In  addition  to  the  computer  solution,  the  use  of  nondimensional 
curves  has  an  important  role  in  the  analysis  of  laterally  loaded  piles. 
Nondimensional  methods  can  be  used  to  demonstrate  with  clarity  the  nature 
of  the  computer  method  and,  furthermore,  can  be  used  to  obtain  a  check  of 
the  computer  results. 

Two  other  methods  of  anaysis  are  presented,  the  methods  of  Broms 
(1964a,  1964b,  1965)  and  Poulos  and  Davis  (1980).  Broms'  method  Is  ingen¬ 
ious  and  is  based  primarily  on  the  use  of  limiting  values  of  soil  resist¬ 
ance.  The  method  of  Poulos  and  Davis  Is  based  on  the  theory  of 
elasticity.  Both  of  these  methods  have  had  considerable  use  In  practice. 

BROMS  METHOD 

The  method  was  presented  In  three  papers  published  In  1964  and  1965 
(Broms,  1964a,  1964b,  1965).  The  ultimate  lateral  load  on  a  pile  can  be 
computed  by  use  of  some  simple  equations  or  can  be  found  by  referring  to 
graphs.  The  method  Is  based  on  the  following  concepts:  failure  occurs 
for  short  piles  by  unlimited  rotation  of  the  pile  or  unlimited  movement 
through  the  soil,  failure  occurs  for  long  piles  or  piles  of  Intermediate 
length  by  the  development  of  one  or  more  plastic  hinges  In  the  pile  sec- 
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*  -i),  and  for  both  types  of  failure  the  ultimate  soil  resistance  is 
assumed  to  develop  at  all  points  along  the  pile  except  at  the  point  where 
there  is  a  zero  deflection. 

In  addition  to  the  assumption  listed  above,  assumptions  were  made 
about  the  ultimate  soil  resistance  for  both  clay  and  sand,  as  shown  In 
Fig.  4.1  for  short  piles.  In  the  case  of  short  piles  with  a  free  head,  the 
value  of  P  ^  can  be  found  that  will  cause  a  pile  to  rotate  without  limit. 

In  addition  to  presenting  equations  for  P  .|  for  piles  that  are  free 
to  rotate,  Broms  showed  equations  for  piles  that  are  fixed  aginst  rotation 
at  their  tops  and  for  lengths  such  that  plastic  hinges  will  develop.  In 
the  case  where  a  plastic  hinge  or  hinges  develop.  It  is  necessary  to  know 
the  value  of  the  yield  moment  My  for  the  pile  section.  For  all  the  cases, 
a  value  of  P^ t  can  be  computed  for  the  lateral  load  that  will  cause  a  pile 
to  fall. 


In  the  referenced  papers,  Broms  presented  methods  for  computing  the 
groundllne  deflection  of  a  pile  where  the  lateral  load  was  no  greater  than 
one-half  of  P  The  methods  make  use  of  the  coefficients  of  subgrade 
reaction  and  generally  follow  procedures  suggested  by  Terzaghl  (1955). 
The  methods  yield  a  linear  relationship  between  load  and  deflection. 

Some  studies,  not  reported  here  (Reese,  1983),  show  that  the  Broms 
method  has  predicted  with  reasonable  accuracy  In  a  number  of  Instances  the 
ultimate  lateral  load  on  the  pile.  The  assumptions  of  constant  shear 
strength  with  depth,  uniform  pile  section,  either  fixed-head  or  free-head 
boundary  conditions,  and  the  development  of  ultimate  soil  resistance 
along  the  length  of  a  pile,  limit  the  usefulness  of  the  method  somewhat. 

With  regard  to  cyclic  loading,  Broms  suggested  that  repetitive  loads 
cause  a  gradual  descrease  in  the  shear  strength  of  the  soil  located  in  the 
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immediate  vicinity  of  a  pile.  He  stated  that  unpublished  data  indicate 
that  repetitive  loading  can  decrease  the  ultimate  lateral  resistance  of 
the  soil  to  about  one-half  its  initial  value. 


POULOS  METHOD 

Poulos  and  his  co-workers  at  the  University  of  Sidney  have  published 
several  papers  concerning  the  analysis  of  laterally  loaded  piles  where  the 
equations  of  elasticity  have  been  used  to  develop  Interaction  equations 
(Poulos,  1971a;  Poulos,  1971b;  Poulos,  1973;  Poulos  and  Davi s,  1980;  Pou¬ 
los,  1982).  Poulos  assumed  the  pile  to  be  a  thin,  rectangular,  vertical 
strip  of  width  b,  length  L,  and  constant  stiffness  El.  The  pile  was 
divided  into  elements  and  each  element  was  acted  upon  by  a  uniform,  hori¬ 
zontal  stress  q  which  was  assumed  to  be  constant  across  the  width  of  the 
strip. 

The  soil  was  assumed  to  be  an  Ideal,  homogeneous,  Isotropic,  linear, 
elastic  materin.1  of  semi-infinite  dimensions. 

The  Mindlln  equation  for  horizontal  displacement  due  to  horizontal 
load  was  used  to  compute  soil  displacement.  Beam  theory  was  used  to  com¬ 
pute  pile  displacement.  With  the  given  assumptions,  Poulos  used  a  comput¬ 
er  program,  with  the  pile  divided  into  21  elements,  to  develop  equations 
and  curves  for  determining  pile-head  deflection  and  maximum  bending 
moment.  Solutions  were  developed  for  both  fixed-head  and  free-head  piles. 
An  example  equation  Is  shown  below  with  the  relevant  family  of  curves  In 
Pig.  4.2.  The  solution  is  for  a  pile  that  Is  free  to  rotate. 


ytP  =  V  E$pL 


(4.1) 


where 


FIG.  4.2.  Influence  factors  Iyp  for  free-head  pile 
(after  Poulos,  1971a) 
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y  p  =  pile-head  deflection 

Ip  =  Influence  factor  (see  Fig.  4.2) 

Pt  =  lateral  load 
E$p  =  soil  modulus 
L  =  pi le  length 

Poulos  made  suggestions  for  obtaining  numerical  values  of  soil  modulus 
from  the  undrained  shear  strength  of  clay  and  from  the  relative  density  of 
sand. 


The  Poulos  method  is  limited  In  Its  application,  principally  because 
soil  does  not  behave  according  to  the  assumptions  in  the  theory  of  elas¬ 
ticity,  except  possibly  for  a  small  range  of  strains. 

Poulos  (1982)  gave  an  extended  discussion  of  the  behavior  of  a  single 
pile  due  to  cycling  the  lateral  load.  He  identified  two  effects:  the 
structural  "shakedown"  of  the  pile-soil  system  in  which  permanent  defor¬ 
mations  accumulate  with  Increasing  load  cycles  with  no  changes  in  the 
pile-soil  properties,  and  a  decrease  in  strength  and  stiffness  of  the  soil 
due  to  cyclic  loading.  His  paper  dealt  mainly  with  the  degradation  of  the 
soil  due  to  cyclic  loading. 

Poulos  defined  degradation  parameters  for  soil  modulus  and  for 


yield  pressure  Dp  as  shown  by  Eqs.  4.2  and  4.3,  respectively. 


°E  =  EcP/EsP 


D  =  q  /q 
p  Hyc  Hys 


(4.2) 

(4.3) 


where 


EcP  =  soil  modulus  after  cyclic  loading 
EsP  =  soil  modulus  for  static  loading 

q  =  limiting  pile-soil  interaction  stress  (yield  pressure) 
y  c 

after  cycl 1c  loading 


^ys  =  yield  pressure  for  static  loading 


Poulos  noted  that  a  limited  amount  of  data  are  available  on  degradation 
factors  and  he  suggested  the  use  of  data  summarized  by  Idrlss,  et  al 
(1978).  Poulos  prepared  Fig.  4.3  from  the  Idrlss  data,  with  ec  redefining 
the  cyclic  strain  and  ecr  redefining  a  representative  value  of  cyclic 
strain.  The  value  of  tcr  can  be  varied  to  Influence  the  degree  of  cyclic 
degradation.  The  parameter  t  Is  defined  by  Eq.  4.4. 

Dp  =  0E  =  N  _t  (4.4) 

where 

N  =  number  of  cycles 

The  effect  of  the  rate  of  loading  on  the  degradation  was  also  consid¬ 
ered.  The  degradation  factors  and  Dp  were  multiplied  by  the  rate  fac¬ 
tor  Dr  that  Is  defined  In  Eq.  4.5. 

DR  =  1  -  Fp  log  -f  (4.5) 

where 

Fp  =  rate  coefficient  (limited  data  suggest  a  range  of  from 
0.05  to  0.3) 

Xr  =  reference  loading  rate  (perhaps  static  loading) 

X  =  loading  rate 

The  computation  procedure  Is  Initiated  by  selecting  values  of  soil 
modulus  and  yield  pressure  for  each  element  and  a  distribution  of  dis¬ 
placement  Is  computed.  The  cyclic  displacements,  number  of  cycles,  and 
rate  of  loading  are  used  to  establish  degradation  factors  that  can  be  used 
In  the  next  cycle.  The  procedure  Is  continued  until  convergence  Is 
achieved.  Poulos  Indicated  that  a  computer  program,  not  presented  In  his 
paper,  has  been  written  to  perform  the  analysis. 

The  presentation  outlined  above  Is  insufficient  to  allow  for  the  com¬ 
putation  of  the  behavior  under  cyclic  loading  of  a  given  pile  In  a  given 


soil  profile;  however,  the  discussion  does  serve  to  Illustrate  the  nature 
of  the  problem. 

METHOD  OF  USING  DIFFERENCE  EQUATIONS  AND  NONLINEAR  p-y 
CURVES 

Recommendations  are  presented  later  In  this  section  for  obtaining 
soil  resistance  p  against  a  pile  as  a  function  of  pile  deflection  y.  Rec¬ 
ommendations  have  been  made  for  a  variety  of  soils  but  only  those  for  clay 
below  water  are  shown  here.  A  family  of  p-y  curves  can  be  developed,  tak¬ 
ing  Into  account  pile  geometry,  soil  properties,  and  nature  of  loading  on 
the  pile,  whether  static  or  cyclic.  With  such  a  family  of  curves,  a  com¬ 
puter  program  can  be  employed  that  uses  difference  equations  to  solve  for 
pile  deflection,  pile  rotation,  bending  moment,  shear,  and  soil  resist¬ 
ance,  all  as  a  function  of  length  along  the  pile. 

The  computation  scheme  Is  shown  In  Fig.  4.4.  Figure  4.4(a)  shows  a 
pile  subjected  to  a  lateral  load.  Figure  4.4(b)  shows  a  family  of  p-y 
curves  where  the  curves  are  In  the  2nd  and  4th  quadrants  because  soil 
resistance  Is  opposite  In  direction  to  pile  deflection.  Also  In  Fig. 
4.4(b)  Is  a  dashed  line  showing  the  deflection  of  the  pile,  either  assumed 
or  computed  on  the  basis  of  an  estimated  soil  response.  Figure  4.4(c) 
shows  the  upper  p-y  curve  enlarged  with  the  pile  deflection  at  that  depth 
represented  by  the  vertical,  dashed  line.  A  line  Is  drawn  to  the  soil 
resistance  p  corresponding  to  the  deflection  y  with  the  slope  of  the  line 
Indicated  by  the  symbol  Es>  E$  is  defined  as  the  soil  modulus.  Figure 
4.4(d)  shows  the  values  of  soil  moduli  plotted  as  a  function  of  depth  x. 
In  performing  a  computation,  the  computer  utilizes  the  computed  values  of 
soil  moduli  and  Iterates  until  the  differences  In  the  deflections  for  the 
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FIG.  4.4.  Computation  scheme  for  method  using  difference 
equations  and  nonlinear  p-y  curves 


last  two  computations  are  less  than  a  specified  tolerance.  Difference 
equations  are  formulated  for  a  large  number  of  points  along  the  length  the 
pile,  perhaps  100,  and  a  p-y  curve  is  developed  internally  for  each  of 
those  points.  Bending  moments  and  other  types  of  pile  response  can  then 
be  computed. 

As  may  be  seen  from  the  above  discussion,  the  accuracy  of  the  com¬ 
puted  response  of  a  pile  Is  primarily  dependent  on  how  well  the  p-y  curves 
represent  the  soil  response.  The  current  recommendations  for  developing 
p-y  curves  are  based  on  theory  to  some  extent  but  more  strongly  on  the 
results  of  load  tests  In  the  field  of  full-sized,  instrumented  piles. 

The  method  can  be  used  to  analyze  piles  subjected  to  short-term  load¬ 


ing  and  to  cyclic  loading.  An  axial  load  can  be  applied  at  the  pile  head 
and  the  pile  head  may  be  considered  to  be  free,  fixed,  or  partially 
restrained.  The  diameter  and  stiffness  of  the  pile  may  vary  along  its 
length.  The  method  is  considered  to  be  versatile  and  the  best  currently 


available  for  analyzing  single  piles  under  lateral  loading. 

Soil  Response  for  Soft  Clay  below  Water 

Field  Experiments.  Matlock.  (1970)  performed  lateral  load  tests 
employing  a  steel  pipe  pile  that  was  12.75  in.  in  diameter  and  42  ft  long. 
It  was  driven  Into  clays  near  Lake  Austin  that  had  a  shear  strength  of 
about  800  lb/sq  ft.  The  pile  was  recovered,  taken  to  Sabine  Pass,  Texas, 
and  driven  into  clay  with  a  shear  strength  that  averaged  about  300  lb/sq 


ft  in  the  significant  upper  zone. 

Recommendations  for  Computing  p-y  Curves.  The  following  procedure 
is  for  short-term  static  loading  and  is  illustrated  In  Fig.  4.5. 

1  Obtain  the  best  possible  estimate  of  the  variation  with  depth  of 
undrained  shear  strength  c  and  submerged  unit  weight  ar * .  Also 
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obtain  the  values  of  e^g,  the  strain  corresponding  to  one-half 
the  maximum  principal-stress  difference.  If  no  stress-strain 
curves  are  available,  typical  values  of  e5Q  are  given  in  Table 
4.1. 

TABLE  4.1.  REPRESENTATIVE  VALUES  OF  e5Q 


Consistency  of  Clay 

e50 

Soft 

0.020 

Medium 

0.010 

Stiff 

0.005 

2.  Compute  the  ultimate  soil  resistance  per  unit  length  of  pile, 
using  the  smaller  of  the  values  given  by  equations  below. 

Pu  =  [3+^X  +  tH  Cb  (4*6) 

p  =  9  cb  (A. 7) 

Ku 

where 

r1  =  average  effective  unit  weight  from  ground  surface  to 
p-y  curve 

x  =  depth  from  ground  surface  to  p-y  curve 
c  =  shear  strength  at  depth  x 
b  =  width  of  pile. 

Matlock  (1970)  states  that  the  value  of  J  was  determined  exper¬ 
imentally  to  be  0.5  for  a  soft  clay  and  about  0.25  for  a  medium 
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clay.  A  value  of  0.5  is  frequently  used  for  J.  The  value  of  pu 
Is  computed  at  each  depth  where  a  p-y  curve  is  desired,  based  on 
shear  strength  at  that  depth. 

3.  Compute  the  deflection,  y5g,  at  one-half  the  ultimate  soil 


resistance  from  the  following  equation: 
y50  =  2,5  e50b- 


(4.8) 


4.  Points  describing  the  p-y  curve  are  now  computed  from  the  follow¬ 


ing  relationship. 


f  =  °-5fe) 


(4.9) 


The  value  of  p  remains  constant  beyond  y  =  8ye 


The  following  procedure  is  for  cyclic  loading  and  is  illustrated  in 


Fig.  4.5(b) 


1.  Construct  the  p-y  curve  In  the  same  manner  as  for  short-term 
static  loading  for  values  of  p  less  than  0.72pu. 

2.  Solve  Eqs.  4.6  and  4.7  simultaneously  to  find  the  depth,  xr, 
where  the  transition  occurs.  If  the  unit  weight  and  shear 
strength  are  constant  In  the  upper  zone,  then 


r  ’  ( y '  b  +  Jc ! 


(4.10) 


If  the  unit  weight  and  shear  strength  vary  with  depth,  the  value 
of  x,,  should  be  computed  with  the  soil  properties  at  the  depth 
where  the  p-y  curve  Is  desired. 

If  the  depth  to  the  p-y  curve  Is  less  than  xr,  then  the  value  of  p 
decreases  from  0.72pu  at  y  =  3y^g  to  the  value  given  by  the  fol¬ 
lowing  expression  at  y  =  15yrn. 


p  3  0 


•72p"  it) 


(4.11) 


The  value  of  p  remains  constant  beyond  y  =  15y^g. 

Recommended  Soil  Tests.  For  determining  the  various  shear  strengths 
of  the  soil  required  in  the  p-y  construction,  Matlock  (1970)  recommended 
the  following  tests  In  order  of  preference: 

1.  in-situ  vane-shear  tests  with  parallel  sampling  for  soil  iden- 
tl f Ication , 

2.  unconsol idated-undrained  trlaxlal  compression  tests  having  a 
confining  stress  equal  to  the  overburden  pressure  with  c  being 
defined  as  half  the  total  maximum  principal  stress  difference, 

3.  miniature  vane  tests  of  samples  in  tubes,  and 

4.  unconfined  compression  tests. 

Tests  must  also  be  performed  to  determine  the  unit  weight  of  the 

sol  1 . 

Example  Curves.  Figures  4.6(a),  4.6(b),  and  4.6(c)  show  example  p-y 
curves  for  a  36-1n.  diameter  pile  in  a  soft  clay  with  an  undrained  shear 
strength  of  500  Ib/sq  ft.  The  submerged  unit  weight  of  the  clay  is  50 
lb/cu  ft  and  e^q  was  selected  as  0.020.  Curves  are  shown  for  both  static 
and  cyclic  loading.  The  loss  of  resistance  due  to  cyclic  loading  is  dra¬ 
matically  revealed  for  the  particular  case  that  was  selected. 

Soil  Response  for  Stiff  Clay  below  Water 

Field  Experiments.  Reese,  Cox,  and  Koop  (1975)  performed  lateral 
load  tests  employing  steel-pipe  piles  that  were  24  In.  In  diameter  and  50 
ft  long.  The  piles  were  driven  Into  stiff  clay  at  a  site  near  Manor,  Tex¬ 
as.  The  clay  had  an  undrained  shear  strength  ranging  from  about  1.0  T/sq 
ft  at  the  ground  surface  to  about  3.0  T/sq  ft  at  a  depth  of  12  ft. 


FIG.  4.6b.  Example  p-y  curves  for  soft  clay  below  the  water  surface  for 
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Recommendations  for  Computing  p-y  Curves.  The  following  procedure 
is  for  short-term  static  loading  and  is  illustrated  by  Fig.  4.7. 

1.  Obtain  values  for  undrained  soil  shear  strength  c,  soil  sub¬ 
merged  unit  weight  T1 ,  and  pile  diameter  b. 

2.  Compute  the  average  undrained  soil  shear  strength  c  over  the 

oi 

depth  x. 

3.  Compute  the  ultimate  soil  resistance  per  unit  length  of  pile 
using  the  smaller  of  the  values  given  by  the  equations  below: 

Pct  =  2cab  +  r'bx  +  2.83  cax,  (4.12) 

Pcd  =  11  cb.  (4.13) 

4.  Choose  the  appropriate  value  of  A$  from  Fig.  4.8  for  the  partic¬ 
ular  nondimenslonal  depth. 

5.  Establish  the  initial  straight-line  portion  of  the  p-y  curve: 

p  =  (kx)y.  (*.14) 

Use  the  appropriate  value  of  k$  or  kc  from  Table  4.2  for  k. 

6.  Compute  the  following: 


7. 


y50  =  E50b-  (4*15) 

Use  an  appropriate  value  of  e^g  from  results  of  laboratory  tests 

or,  in  the  absence  of  laboratory  tests,  from  Table  4.3. 

Establish  the  first  parabolic  portion  of  the  p-y  curve,  using  the 

following  equation  and  obtaining  pc  from  Eqs.  4.12  or  4.13. 

0.5 


P  =  °-5  pc  (&) 


(4.16) 


Equation  4.16  should  define  the  portion  of  the  p-y  curve  from  the 
point  of  the  intersection  with  Eq.  4.14  to  a  point  where  y  is 
equal  to  A$y^g  (see  note  in  step  10). 

8.  Establish  the  second  parabolic  portion  of  the  p-y  curve, 
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TA8LE  4.2.  REPRESENTATIVE  VALUES  OF  k  FOR  STIFF  CLAYS 


Equation  4.17  should  define  the  portion  of  the  p-y  curve  from  the 
point  where  y  is  equal  to  A^q  to  a  point  where  y  Is  equal  to 

^sy50  (see  note  steP 

9.  Establish  the  next  straight-line  portion  of  the  p-y  curve, 

p  •  0.5  pc(6As)0.5  .  0,411  pc  -  p<;(y  .  6Asy60). 

50  (4.18) 

Equation  4.18  should  define  the  portion  of  the  p-y  curve  from  the 
point  where  y  is  equal  to  to  a  point  where  y  is  equal  to 

18Asygo  (see  note  in  steP  10). 

10.  Establish  the  final  straight-line  portion  of  the  p-y  curve, 

p  =  0.5pc(6As)°-5  -  0.411pc  -  0.75pcAs  (4.19) 

or 

p  =  pc(1.225  vTs  -  0.75A$  -  0.411).  (4.20) 

Equation  4.20  should  define  the  portion  of  the  p-y  curve  from  the 
point  where  y  is  equal  to  18Asy^Q  and  for  all  larger  values  of  y 
(see  following  note). 

Note:  The  step-by-step  procedure  is  outlined,  and  Fig.  4.7  is 
drawn,  as  if  there  is  an  intersection  between  Eqs.  4.14  and  4.16. 
However,  there  may  be  no  Intersection  of  Eq.  4.14  with  any  of  the 
other  equations  or,  If  no  Intersection  occurs,  Eq.  4.14  defines 
the  complete  p-y  curve. 

The  following  procedure  Is  for  cyclic  loading  and  Is  illustrated  In 
4.9. 

1.  Steps  1,  2,  3,  5,  and  6  are  the  same  as  for  the  static  case. 

4.  Choose  the  appropriate  value  of  Ac  from  Fig.  4.8  for  the  parti¬ 
cular  nondimensional  depth. 


Compute  the  following: 

V4-1Acy50- 

7.  Establish  the  parabolic  portion  of  the  p-y  curve, 


y  -  0 . 45y ^ 
0.45y 


(4.21) 


P  ■  Acpc  1  - 


(4.22) 


Equation  4.22  should  define  the  portion  of  the  p-y  curve  from  the 
point  of  the  Intersection  with  Eq.  4.14  to  where  y  Is  equal  to 
0.6yp  (see  note  In  step  9). 

8.  Establish  the  next  straight-line  portion  of  the  p-y  curve 


p  *  0.936AcPc 


0.085 


Pc(y  -  0.6y  )  . 


(4.23) 


Equation  4.23  should  define  the  portion  of  the  p-y  curve  from  the 
point  where  y  Is  equal  to  0.6yp  to  the  point  where  y  Is  equal  to 
1.8yp  (see  note  In  step  9). 

Establish  the  final  straight-line  portion  of  the  p-y  curve, 


-  -  °-«“cPc  -  ^  Vp 


(4.24) 


Equation  4.24  should  define  the  portion  of  the  p-y  curve  from  the 
point  where  y  is  equal  to  1.8yp  and  for  all  larger  values  of  y 
(see  following  note). 

Note:  The  step-by-step  procedure  is  outlined,  and  Fig.  4.9  Is 
drawn,  as  If  there  Is  an  intersection  between  Eqs.  4.14  and  4.22. 
However,  there  may  be  no  intersection  of  those  two  equations  and 
there  may  be  no  Intersection  of  Eq.  4.14  with  any  of  the  other 
equations  defining  the  p-y  curve.  If  there  Is  no  intersection, 
the  equation  should  be  employed  that  gives  the  smallest  value  of 
p  for  any  value  of  y. 


Recommended  Soil  Tests.  Trlaxlal  compression  tests  of  the  unconsol- 
Idated-undralned  type  with  confining  pressures  conforming  to  the  In  situ 
overburden  pressures  are  recommended  for  determining  the  shear  strength 
of  the  soil.  The  value  of  e^g  should  be  taken  as  the  strain  during  the 
test  corresponding  to  the  stress  equal  to  half  the  maximum 
total-principal-stress  difference.  The  shear  strength,  c,  should  be 
Interpreted  as  one-half  of  the  maximum  total-stress  difference.  Values 
obtained  from  the  trlaxlal  tests  might  be  somewhat  conservative  but  would 
represent  more  realistic  strength  values  than  other  tests.  The  unit 
weight  of  the  soil  must  be  determined. 

Example  Curves.  Figures  4.10(a),  4.10(b),  and  4.10(c)  show  example 
p-y  curves  for  a  36-1  n .  diameter  pile  in  a  stiff  clay  with  an  undrained 
shear  strength  of  2000  lb/sq  ft.  The  submerged  unit  weight  of  the  clay  Is 
50  lb/cu  ft  and  t^g  was  selected  as  0.005.  The  value  of  k  to  define  the 
Initial  portion  of  the  p-y  curves  was  selected  as  1000  lb/cu  In. 

As  for  soft  clay,  the  Influence  of  cyclic  loading  Is  shown  to  be  sig¬ 
nificant. 

Soil  Response  of  Stiff  Clay  above  the  Water  Table 


Field  Experiments.  A  lateral  load  test  was  performed  at  a  site  In 
Houston  where  the  foundation  was  a  drilled  shaft,  36  In.  in  diameter  and 
an  embedded  length  of  42  ft.  A  10**1 n .  diameter  pipe.  Instrumented  at 
intervals  along  Its  length  with  electrical-resistance-strain  gauges,  was 
positioned  along  the  axis  of  the  shaft  before  concrete  was  placed.  The 
average  undrained  shear  strength  of  the  clay  In  the  upper  20  ft  was 
approximately  2,200  lb/sq  ft.  The  experiments  and  their  Interpretation 
are  discussed  In  detail  by  Welch  and  Reese  (1972)  and  Reese  and  Welch 


FIG.  4.10b.  Example  p-y  curves  for  a  stiff  clay  below  the  water  surface 
for  a  depth  of  72  in. 


curves  for  stiff  clay  below  the  water  surface 


Recommendations  for  Computing  p-y  Curves.  The  following  procedure 


Is  for  short-term  static  loading  and  Is  Illustrated  In  Fig.  4.11a. 

1.  Obtain  values  for  undrained  shear  strength  c,  soil  unit  weight  y, 
and  pile  diameter  b.  Also  obtain  the  values  of  e^g  from 
stress-strain  curves.  If  no  stress-strain  curves  are  available, 
use  a  value  of  0.010  or  0.005  for  e^g  as  given  in  Table  4.1,  the 
larger  value  being  more  conservative. 

2.  Compute  the  ultimate  soil  resistance  per  unit  length  of  shaft, 
Pu>  using  the  smaller  of  the  values  given  by  Eqs.  4.6  and  4.7. 
(In  the  use  of  Eq.  4.6  the  shear  strength  is  taken  as  the  average 
from  the  ground  surface  to  the  depth  being  considered  and  J  is 
taken  as  0.5.  The  unit  weight  of  the  soil  should  reflect  the 
position  of  the  water  table.) 

3.  Compute  the  deflection,  y^g,  at  one-half  the  ultimate  soil' 
resistance  from  Eq.  4.8. 

4.  Points  describing  the  p-y  curve  may  be  computed  from  the 
relationship  below. 

1/4 

E.0.5/JLV  (4.25) 

Pu  v  50  / 

5.  Beyond  y  =  16y^Q,  p  is  equal  to  p^  for  all  values  of  y. 

The  following  procedure  Is  for  cyclic  loading  and  Is  illustrated  in 
Fig.  4.11b. 

1.  Determine  the  p-y  curve  for  short-term  static  loading  by  the  pro¬ 
cedure  previously  given. 

2.  Determine  the  number  of  times  the  design  lateral  load  will  be 
appl led  to  the  pile. 
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3.  For  several  values  of  p/pu  obtain  the  value  of  C,  the  parameter 
describing  the  effect  of  repeated  loading  on  deformation,  from  a 
relationship  developed  by  laboratory  tests,  (Welch  and  Reese, 
1972),  or  In  the  absence  of  tests,  from  the  following  equation. 


C  =  9.6 


(4.26) 


4.  At  the  value  of  p  corresponding  to  the  values  of  p/pu  selected  In 
step  3,  compute  new  values  of  y  for  cyclic  loading  from  the  fol¬ 


lowing  equation. 


yr  =  ye  ♦  yen  •  c  •  TogN 


(4.27) 


where 


yc  =  deflection  under  N-cycles  of  load, 
y$  =  deflection  under  short-term  static  load, 
y^Q  =  deflection  under  short-term  static  load  at  one-iialf 
the  ultimate  resistance,  and 
N  =  number  of  cycles  of  load  application. 

5.  The  p-y  curve  defines  the  soil  response  after  N-cycles  of  load. 

Recommended  Soil  Tests.  Trlaxlal  compression  tests  of  the  unconsol- 
Idated-undralned  type  with  confining  stresses  equal  to  the  overburden 
pressures  at  the  elevations  from  which  the  samples  were  taken  are  recom¬ 
mended  to  determine  the  shear  strength.  The  value  of  e^g  should  be  taken 
as  the  strain  during  the  test  corresponding  to  the  stress  equal  to  half 
the  maximum  total  principal  stress  difference.  The  undrained  shear 
strength,  c,  should  be  defined  as  one-half  the  maximum 
total -principal-stress  difference.  The  unit  weight  of  the  soil  must  also 
be  determined. 
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Example  Curves.  Shown  In  Fig.  4.12a,  4.12b,  and  4.12c  are  example 


p-y  curves  for  a  30-1  n.  diameter  pile  In  a  stiff  clay  above  the  water 


table.  The  clay  has  an  undrained  shear  strength  of  2000  Ib/sq  ft,  a  total 


unit  weight  of  115  lb/cu  ft  and  trn  was  chosen  to  be  0.005.  The  p-y  cu-ves 


are  shown  for  static  loading  and  cyclic  loading  (100,  200,  and  500 


cycles) . 


Using  the  stlff-clay-above-the-water-table  criteria,  the  influence 


of  cyclic  loading  Is  shown  to  be  significant,  but  less  than  the  effects 


predicted  using  the  soft  clay  (below  the  water  table)  and  stiff  clay  (be¬ 


low  the  water  table)  criteria. 
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3.  For  several  values  of  p/pu  obtain  the  value  of  C,  the  parameter 
describing  the  effect  of  repeated  loading  on  deformation,  from  a 
relationship  developed  by  laboratory  tests,  (Welch  and  Reese, 

r 

1972),  or  in  the  absence  of  tests,  from  the  following  equation. 


4.  At  the  value  of  p  corresponding  to  the  values  of  p/pu  selected  In 
step  3,  compute  new  values  of  y  for  cyclic  loading  from  the  fol¬ 
lowing  equation. 

yc  =  ys  +  y50  *  C  *  logN  (4.27) 

where 


yc  =  deflection  under  N-cycles  of  load, 
y$  =  deflection  under  short-term  static  load, 
y^g  =  deflection  under  short-term  static  load  at  one-lialf 
the  ultimate  resistance,  and 
N  =  number  of  cycles  of  load  application. 

5.  The  p-y  curve  defines  the  soil  response  after  N-cycles  of  load. 

Recommended  Soil  Tests.  Trlaxlal  compression  tests  of  the  unconsol- 
Idated-undralned  type  with  confining  stresses  equal  to  the  overburden 


Pi 
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pressures  at  the  elevations  from  which  the  samples  were  taken  are  recom¬ 
mended  to  determine  the  shear  strength.  The  value  of  e^g  should  be  taken 
as  the  strain  during  the  test  corresponding  to  the  stress  equal  to  half 
the  maximum  total  principal  stress  difference.  The  undrained  shear 
strength,  c,  should  be  defined  as  one-half  the  maximum 
total-principal-stress  difference.  The  unit  weight  of  the  soil  must  also 
be  determined. 
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curves  for  stiff  clay  above  water  for 


CHAPTER  5.  COMPARISON  OF  MEASURED  AND  PREDICTED  BEHAVIOR 
OF  PILES  SUBJECTED  TO  LATERAL  LOAD 


INTRODUCTION 

Presented  In  the  previous  chapter  were  methods  for  computing  the 
behavior  of  piles  In  cohesive  soils  subjected  to  both  static  and  cyclic 
lateral  loading.  Of  these  methods,  the  p-y  approach  seems  to  be  best  doc¬ 
umented  and  the  most  employed  when  cyclic  loading  Is  to  be  considered.  As 
noted  earlier,  the  principal  thrust  of  the  research  reported  herein  Is  to 
gain  additional  Insight  Into  the  exact  reasons  for  the  loss  of  soil 
resistance  of  piles  In  cohesive  soil  that  are  subjected  to  cyclic  lateral 
load.  Emphasis  Is  placed  on  the  p-y  method.  The  studies  reported  In 
Chapter  3  showed  the  significant  loss  of  resistance  In  several  of  the 
reported  tests  due  to  cyclic  loading.  Comparison  of  the  behavior  of  piles 
computed  by  the  p-y  method  with  measured  behavior,  as  reported  In  this 
chapter,  Is  useful.  The  reader  will  gain  an  understanding  of  the  accuracy 
of  the  p-y  method  (assuming  the  experimental  results  to  be  correct)  for 
predicting  both  static  and  cyclic  behavior  and  the  Importance  of  the  stu¬ 
dies  reported  herein  will  be  emphasized. 

In  order  to  compare  the  measured  and  predicted  behavior,  p-y  analyses 
were  performed  for  most  of  the  case  histories  presented  In  Chapter  3.  For 
each  case  history,  three  p-y  analyses  were  made.  The  three  analyses  are 
termed  as  soft  clay,  stiff  clay  below  the  water  table  (stiff  clay  (bwt)), 
and  stiff  clay  above  the  water  table  (stiff  clay  (awt)). 

The  comparisons  of  predicted  and  measured  response  of  most  of  the 
case  histories  are  presented  In  the  form  of  curves  of  lateral  load  versus 
deflection.  Although  comparisons  of  predicted  and  measured  bending 


moments  as  a  function  of  pile  length  would  also  be  desirable,  measured 
values  of  moment  versus  lateral  load  were,  in  most  cases,  not  presented. 
Therefore,  to  maintain  consistency  in  this  presentation,  only  load  versus 
deflection  curves  are  compared.  The  only  exception  is  for  Gaul's  (1958) 
data  in  wh’?h  only  the  measured  moments  were  presented. 

For  many  of  the  case  histories  presented  in  Chapter  3,  enough  data 
were  presented  to  allow  the  p-y  analyses  to  be  conducted;  however,  in  some 
cases,  assumptions  regarding  soil  or  pile  properties  were  necessary.  The 
particular  assumptions  made  are  presented  in  the  discussion  of  each  case 
hi  story. 

Finally,  it  should  be  mentioned  that  the  computed  deflections  using 
the  p-y  method  are  very  sensitive  to  the  soil  and  pile  parameters  used  in 
the  analyses.  Previous  studies  have  shown  that  the  computation  of  the 
maximum  bending  moment  is  much  less  sensitive  to  changes  in  soil  and  pile 
properties. 

MODEL  TESTS 

The  results  of  three  model  tests  were  described  in  Chapter  3;  howev¬ 
er,  only  the  results  of  the  tests  by  Gaul  (1958),  and  Valenzuela  and  Lee 
(1978)  are  studied  herein.  The  test  described  by  Scott  (1977)  is  not 
included  because  it  was  described  as  a  silty  material  and  behaved  as  a 
cohesionless  soil.  In  both  model  tests,  no  free  water  was  present  to 
enter  or  exit  any  gaps  that  might  form  between  the  pile  and  soil. 

Gaul  (1958) 

In  the  series  of  model  pile  tests  that  Gaul  performed,  measured  val¬ 
ues  of  moment  were  recorded  for  both  the  static  and  cyclic  cases;  however, 


no  data  on  load  versus  deflection  were  presented.  Therefore,  only  compar¬ 
isons  are  made  of  lateral  load  versus  maximum  bending  moment. 

Values  of  the  shear  strength  of  the  clay  were  not  given  and  are  esti¬ 
mated  by  varying  the  values  of  shear  strength  used  with  the  soft  clay  p-y 
analyses  until  a  reasonable  agreement  was  reached  between  computed  and 
measured  bending  moment.  A  shear  strength  of  0.5  Ib/sq  in.  was-selected, 
based  on  the  comparison  shown  In  Fig  5.1a.  The  value  of  e^q,  axial  strain 
corresponding  to  half  the  stress  difference  at  failure  In  a  triaxial  com¬ 
pression  test,  was  selected  based  on  recommendations  made  by  Reese  and 
given  in  Table  4.1.  In  addition,  a  parameter,  k,  describing  the  initial 
soil  modulus  of  the  clay  is  necessary  to  define  the  p-y  curves  for  stiff 
clay  (bwt),  and  the  recommendations  of  Reese,  outlined  In  Table  4.2  were 
used  to  obtain  a  value  of  1000  Ibs/cu  in.  for  the  static  case  and  a  value 
of  400  Ibs/cu  in.  for  the  cyclic  case. 

Analyses  were  performed  with  all  three  p-y  criteria;  the  soft  clay, 
stiff  clay  (bwt),  and  stiff  clay  (awt),  and  are  shown  In  Fig.  5.1a,  5.1b, 
and  5.1c.  As  can  be  seen,  the  measured  values  of  moment  show  little  or  no 
Increase  after  cycling.  Predictions  made  using  the  soft  clay  criteria 
also  Indicate  no  increase  in  moments  due  to  cyclic  loading.  Analyses  per¬ 
formed  using  the  stiff  clay  (bwt)  criteria  do  predict  an  Increase  in  maxi¬ 
mum  moment  beginning  at  a  lateral  load  of  approximately  20  lbs  and  ending 
at  a  lateral  load  of  approximately  50  lbs.  Predictions  of  lateral  behav¬ 
ior  using  the  stiff  clay  (awt)  criteria  show  an  Increase  In  moment  for  10 
and  100  cycles  along  the  whole  range  of  loading  from  0  to  90  lbs. 

Valenzuela  and  Lee  (1978) 


Shown  In  Figs.  5.2a,  5.2b,  and  5.2c  are  curves  showing  computed  and 
measured  values  of  load  versus  deflection.  The  three  sets  of  p-y  criteria 


Curves  showing  comp  ;ri son  of  computed  and  measured  deflections 
for  model  tests  of  Valenzuela  and  Lee 


were  used  in  the  computations.  The  curves  from  the  experiments  are  plot¬ 
ted  as  dotted  lines  rather  than  specific  symbols  because  the  curves  are 
averages  from  many  model  pile  tests. 


A  factor  that  must  be  considered  in  analyzing  the  comparisons  in  Fig. 
5.2  is  that  Valenzuela  and  Lee  reported  that  the  model  pile  yielded  struc¬ 
turally  at  a  deflection  of  approximately  0.1  in.  with  a  static  load  of 
approximately  6  lbs.  Although  no  mention  was  made  of  the  pile  yielding 
during  cyclic  loading,  it  is  expected  that  yielding  would  occur  at  a 
cyclic  load  less  than  6  lbs.  Therefore,  all  comparisons  between  measured 
and  predicted  values  are  made  for  lateral  deflections  less  than  0.1  in. 

As  before,  and  in  the  studies  that  follow,  predictions  were  made 
using  the  three  sets  of  p-y  criteria  for  cohesive  soils.  Curves  showing 
comparisons  of  computed  deflection  versus  lateral  load  and  the  results 
from  the  experiments  of  Valenzuela  and  Lee  are  shown  in  Figs.  5.2a,  5.2b,. 
and  5.2c.  In  Fig.  5.2a  it  may  be  seen  that  the  static  behavior  is  pre¬ 
dicted  to  be  much  stiffer  than  the  measured  behavior,  whereas  the  pre¬ 
dicted  cyclic  behavior  is  much  softer  than  measured.  Thus,  the  effect  of 
cycling  in  increasing  deflection  for  a  given  load  is  predicted  to  be  much 
greater  than  the  measurements  Indicate. 

Using  the  stiff  clay  (bwt)  criteria,  values  of  static  and  cyclic 
deflections  for  a  given  load  are  predicted  to  be  much  greater  than  meas¬ 
ured.  In  addition,  the  difference  between  static  and  cyclic  deflections 
for  a  given  load  are  predicted  to  be  much  greater  than  measured. 

Using  the  stiff  clay  (awt)  criteria,  predicted  values  of  deflection 
for  a  given  load  are  less  than  the  measured  values;  however,  the  effect  of 
cyclic  loading,  as  measured  by  the  increase  in  deflection  for  a  given 
load,  is  similar  for  measurement  and  prediction. 
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FIELD  TESTS  CONDUCTED  WITH  NO  FREE  WATER  AT  GROUND  SURFACE 

The  results  of  7  pile  load  tests  are  discussed  herein.  Comparisons 
are  shown  between  deflection  versus  lateral  load  from  predictions  and  from 
measurements.  Predictions  were  made  using  the  three  sets  of  p-y  criteria 
previously  mentioned.  Some  of  the  case  histories  involve  testing  at  the 
same  site,  but  with  changes  in  the  characteristics  of  the  pile  or  loading 
conditions.  In  each  of  the  cases  cited  below,  free  water  was  not  avail¬ 
able  at  the  ground  surface.  Therefore,  no  water  could  enter  or  exit  gaps 
formed  between  the  pile  and  soil. 

Price  and  Wardle  (1982),  Tubular  Pile 

In  order  to  obtain  predicted  values  of  lateral  load  versus 
deflection,  shear  strength  versus  depth  was  obtained  from  the  triaxial 
tests  and  field  tests  shown  in  Fig.  3.10.  The  shear  strength  was  assumed 
to  vary  linearly  between  the  depths  at  which  shear  strengths  were  speci¬ 
fied. 

Values  of  e^q  were  obtained  from  the  relationship  of  shear  strength 
and  secant  modulus  shown  in  Fig.  3.10.  For  each  data  point,  a  value  of  e^q 
was  calculated  by  dividing  the  shear  strength  by  the  corresponding  modulus 
value.  These  values  were  plotted  versus  depth  and  estimated  values  of  e^q 
were  based  on  the  plot. 

The  measured  and  predicted  curves  of  lateral  load  versus  deflection 
are  shown  In  Figs.  5.3a,  5.3b,  and  5.3c.  With  the  use  of  soft  clay  crite¬ 
ria,  shown  In  Fig.  5.3a,  the  predicted  and  measured  relationships  seem  to 
be  in  reasonable  agreement.  Very  little  difference  between  the  static  and 
cyclic  behavior  is  seen  for  both  measured  and  predicted  relationships  of 
'ateral  load  versus  deflection. 
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Using  the  stiff  clay  (bwt)  criteria,  the  influence  of  cyclic  loading 
is  shown  to  increase  horizontal  deflections  for  a  given  lateral  load  much 
more  significantly  than  was  measured. 

For  the  stiff  clay  (awt)  criteria,  values  of  deflection  are  also 
shown  to  increase  with  cyclic  loading,  contrary  to  the  measurements. 

Price  and  Wardle  (1982),  H-Shaped  Pile 

An  H-pile  was  also  tested  at  the  site  used  by  Price  and  Wardle. 
Because  the  site  conditions  were  identical,  the  same  soil  profile  was  used 
as  that  presented  for  the  tubular  pile. 

Shown  in  Figs.  5.4a,  5.4b,  and  5.4c  are  measured  and  predicted  curves 
of  lateral  load  versus  deflection  for  both  static  and  cyclic  loading.  In 
Fig.  5.4a  the  experimental  points  are  shown  along  with  curves  predicted 
using  the  soft  clay  criteria.  Comparisons  of  measured  static  and  cyclic 
behavior  can  only  be  made  up  to  a  lateral  load  of  about  9000  lbs  because  no 
measurements  of  static  deflection  are  presented  for  larger  loads.  Howev¬ 
er,  at  a  lateral  load  of  about  9000  lbs,  some  effect  of  cyclic  loading  is 
seen  as  an  increase  in  horizontal  deflection  of  the  pile  head. 

Predicted  behavior  of  the  pile  based  on  soft  clay  criteria  shows  no 
influence  of  cyclic  loading  up  to  a  lateral  load  of  approximately  23,000 
lbs.  Shown  in  Fig,  5.4b  are  predictions  using  the  stiff  clay  (bwt)  crite¬ 
ria.  As  can  be  seen,  a  much  greater  influence  on  cyclic  loading  is  shewn 
than  either  of  the  other  two  prediction  methods  or  by  the  measurements. 
The  lateral  load  versus  deflection  behavior  predicted  using  the  stiff  clay 
(awt)  criteria  appears  to  give  the  influence  of  cyclic  loading  in  close 
agreement  with  the  measured  influence.  However,  at  levels  of  load  between 
0  and  1000  lbs,  the  predicted  curves  for  static  and  cyclic  loading  are 
stiffer  than  indicated  by  the  measurements. 
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FIG.  5.4.  Curves  showing  comparison  of  computed  and  measured  deflections 
for  field  tests  of  Price  and  Wardle  (H-pile) 


U.  S.  Naval  Civil  Engineering  Lab,  Free-Head  Loadin 


Comparisons  between  predictions  and  measurements  from  the  testing  of 
the  special  pile  constructed  by  USNCEL,  described  in  Chapter  3,  are  shown 
in  Figs.  5.5a,  5.5b,  and  5.5c.  In  order  to  make  the  analyses,  estimates 
of  shear  strength  and  e^g  were  made  based  on  results  of  triaxial  tests  of 
samples  obtained  from  the  site.  However,  during  the  testing  program, 
which  lasted  over  one  year,  no  provision  was  made  to  keep  the  water  con¬ 
tent  constant  in  the  top  several  feet  of  soil.  Thus,  there  was  a  wide  var¬ 
iation  of  soil  strength,  as  shown  in  Fig.  3.12.  Values  of  shear  strength 
were  estimated  by  back  computation,  assuming  the  clay  to  behave  as  stiff 
clay  above  the  water  table.  However  the  computed  shear  strength  was  unre¬ 
alistically  high  (in  fact,  higher  than  any  values  measured  and  shown  in 
Fig.  3.12);  therefore,  a  value  of  10.0  lbs/sq  in.  was  used  because  it  was 
the  highest  reasonable  value  of  shear  strength.  The  shear  strength  was 
assumed  to  vary  with  depth  in  the  following  manner:  from  the  ground  sur¬ 
face  to  a  depth  of  6  ft,  10  lb/sq  in.,  below  6  ft,  2.0  lbs/sq  In.  Values 
of  c^g  were  based  on  recommendations  provided  by  Reese,  and  presented  in 
Chapter  4. 

Shown  in  Fig.  5.5,  Is  a  definite  effect  of  cyclic  loading  in  the 
experiment  with  increased  deflection  measured  at  each  load  level. 

For  the  soft  clay  criteria,  the  measured  and  predicted  results  are  in 
reasonable  agreement,  although  the  predicted  values  of  deflection  at  any 
load  above  5000  lbs  greatly  exceeds  the  measured  values.  No  effect  of 
cyclic  loading  Is  predicted  using  the  soft  clay  criteria  which  obviously 
does  not  agree  with  the  measurements.  Using  the  stiff  clay  (bwt)  p-y  cri¬ 
teria,  the  prediction  for  static  loading  agrees  well  with  the  measured 
values;  however,  for  cyclic  loading,  much  greater  deflections  were  pre- 


Curves  showing  comparison  of  computed  and  measured  deflections 
for  field  tests  performed  by  U.  S.  Navy  (free-head  conditions) 


dieted  than  measured  for  lateral  loads  above  6000  lbs.  For  the  stiff  clay 
(awt),  predictions  for  both  static  and  cyclic  behavior  agree  well  with  the 
measured  values;  however,  for  loads  above  5000  lbs  the  predicted  values  of 
deflection  exceed  measured  values. 

U.  S.  Naval  Civil  Engineering  Laboratory,  Restrained-Head  Loading 

In  addition  to  the  free-head  tests,  restrained-head  tests  were  con¬ 
ducted.  The  Investigators  attempted  to  keep  the  pile  head  vertical,  and 
the  fixed-head  condition  is  assumed  in  the  analyses.  Because  these  tests 
were  performed  at  the  same  site  as  the  free-head  tests,  the  same  soil  pro¬ 
file  is  employed. 

Results  of  analyses,  along  with  experimental  results,  are  shown  in 
Figs.  5.6a,  b.6L>,  and  5.6c.  The  measurements  are  inconsistent  with 
observed  behavior  at  other  locations  and  with  theory  because  the  curvature 
of  the  load-deflection  curve  is  opposite  to  what  was  expected.  No  specif¬ 
ic  reason  can  be  given  for  the  unexpected  data.  However,  significant 
increases  in  deflection  due  to  cyclic  loading  can  be  seen.  As  shown  in 
Fig.  5.6a,  predictions  using  the  soft  clay  criteria  show  no  effect  due  to 
cyclic  loading.  Predictions  using  the  stiff  clay  (bwt)  criteria  show  both 
the  static  and  cyclic  behavior  of  the  pile  to  be  stiffer  than  measured; 
however,  the  predicted  effect  of  cyclic  loading  appears  to  be  similar  to 
the  measured  effect.  The  stiff  clay  (awt)  criteria  also  exhibits  a  stif¬ 
fer  relationship  than  the  measured  values,  although  at  a  lateral  load  of 
10000  lbs,  agreement  between  predicted  and  measured  values  of  both  static 
and  cyclic  deflections  is  good. 

Gilbert  (1980),  Piles  A  and  B 


As  described  in  more  detail  in  Chapter  3,  two  piles,  piles  A  and  B, 
were  tested  in  a  very  soft  clay.  The  two  piles  were  driven  into  essen- 


1 1 a  1 1 y  the  same  material;  thus,  the  soil  profile  was  assumed  to  be  identi¬ 
cal  for  both  piles.  The  differences  in  the  load-versus-deflection 
behavior  of  the  two  piles  are  assumed  to  be  due  to  the  characteristics  of 
the  piles  only.  The  behavior  under  lateral  load  of  the  piles,  measured 
and  predicted,  are  shown  in  Figs.  5.7a,  5.7b,  and  5.7c  for  pile  A  and 
Figs.  5.8a,  5.8b,  and  5.8c  for  p'ile  B. 

Both  piles  show  an  increase  in  lateral  deflection  due  to  cyclic  load¬ 
ing  at  a  given  lateral  load;  however,  for  both  piles,  all  three  prediction 
methods  greatly  under-predicted  the  load  carrying  capabilities  of  the 
pile.  A  comparison  of  the  effects  of  cyclic  loading  as  measured  and  as 
predicted  is  difficult;  however,  it  is  of  interest  to  note  that  very  lit¬ 
tle  effect  of  cyclic  loading  was  predicted  using  the  soft  clay  criteria, 
as  shown  in  Figs.  5.7a  and  5.8a.  For  the  other  two  criteria,  the  pre¬ 
dicted  effects  of  cyclic  loading  are  certainly  apparent  as  shown  in  Figs. 
5.7b,  5.7c,  5.8b,  and  5.8c.  The  agreement  between  the  measured  and  pre¬ 
dicted  behavior  under  static  loading  for  the  two  piles,  however,  is  so 
poor  that  comparisons  between  measured  and  predicted  effects  of  cyclic 
loading  are  of  little  importance. 

Tassios  and  Levendis  (1974) 

The  results  of  cyclic,  lateral-load  tests  for  both  one-way,  and 
two-way  loading  are  shown  in  Figs.  5.9a,  5.9b,  and  5.9c.  In  order  to  per¬ 
form  analyses  of  this  load  test,  assumptions  were  required  in  regard  to 
soil  and  pile  properties.  Values  of  shear  strength  versus  depth  were 
determined  from  Fig.  3.19.  Values  of  e^q  were  selected  from  the  recommen¬ 
dations  made  by  Reese  and  presented  in  Chapter  3.  The  geometric  proper¬ 
ties  of  the  pile  were  given;  however,  neither  the  strength  of  the  concrete 
nor  the  rotational  stiffness  (El)  of  the  piles  were  provided.  In  order  to 
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Curves  showing  comparison  of  computed  and  measured  deflections  for 
field  tests  of  Tassios  and  Levendis 


calculate  values  of  El,  a  value  of  E  was  estimated  using  the  following 
equation : 


E  =  57000  SCc 

where 

E  =  modulus  (lb/sq  in. ) 

f  =  compressive  strength  of  concrete  (assumed  to  be  4000  lbs/sq 

in.). 

Shown  in  Fig.  5.9a  are  the  predicted  and  measured  load  versus 
deflection  relationships  using  the  soft  clay  criteria.  As  can  be  seen, 
the  predicted  and  measured  behaviors  under  static  load  agree  reasonably 
well,  but  the  agreement  between  the  predicted  and  measured  effect  of 
cyclic  loading  is  poor.  No  effect  of  cyclic  loading  was  predicted;  howev¬ 
er,  in  all  cases  and  at  all  levels  of  lateral  load,  increased  deflection 
with  number  of  cycles  was  experienced. 

Using  the  stiff  clay  (bwt)  and  stiff  clay  (awt)  criteria,  some  effect 
of  cyclic  loading  was  predicted  and  is  shown  in  Figs.  5.9b  and  5.9c. 
Although  the  agreement  between  measured  and  predicted  effect  of  cyclic 
loading  is  close  for  load  levels  below  approximately  8800  lbs,  the  pre¬ 
dicted  increases  in  deflection  at  the  higher  load  levels  were  much  less 
than  measured. 

Reese  and  Welch  (1972) 

Shown  in  Figs.  5.10a,  5.10b,  and  5.10c  are  the  measured  and  predicted 
load  versus  deflection  for  a  laterally  loaded  drilled  shaft.  The  predic¬ 
tion  using  the  soft  clay  criteria  follows  the  measured  values  for  static 
loading;  however,  no  influence  of  cyclic  loading  is  predicted.  Obviously, 
the  effect  of  cyclic  loading  is  significant  as  shown  from  the  measured 
values  plotted  in  Fig.  5.10a. 


Using  the  stiff  clay  (bwt)  criteria,  the  predicted  deflections  for 
static  loading  are  slightly  less  than  measured;  however,  predicted 
deflections  for  cyclic  loading  are  greater  than  measured  for  loads  above 
6000  lbs.  The  best  agreement  is  found  with  the  results  of  the  stiff  clay 
(awt)  criteria.  This  is  hardly  surprising  because  the  stiff  clay  (awt) 
criteria  were  developed  from  this  test. 


FIELD  TESTS  CONDUCTED  WITH  FREE  WATER  ABOVE  GROUND  SUR¬ 
FACE 

The  results  of  four  series  of  lateral  load  tests  are  discussed  below. 
As  explained  previously,  predictions  of  load-versus-deflection  behavior 
were  made  for  each  case  history  and  compared  with  the  measured  behavior. 
Predictions  were  made  based  on  the  three  sets  of  p-y  criteria  presented  in 
Chapter  4.  In  cases  cited  below,  water  was  ponded  above  the  ground  sur¬ 
face;  thus,  water  was  free  to  enter  and  exit  any  gaps  that  formed  between 
the  soi 1  and  pile. 

Harvey 

A  structural  framework  was  used  at  the  Harvey  site  that  was  designed 
to  cause  equal  values  of  displacement  at  two  points  along  the  portion  of 
the  pile  located  above  the  ground  surface.  To  model  the  pile-head  bounda¬ 
ry  conditions  in  the  computer  program  used  for  the  analyses  an  equivalent 
rotational  stiffness  was  calculated  for  the  pile  head. 

The  results  of  the  lateral  load  test  and  the  corresponding  p-y  ana¬ 
lyses  are  shown  in  Figs.  5.11a,  5.11b,  and  5.11c.  The  analyses  employ  a 
value  of  shear  strength  of  3.2  Ibs/sq  in. 

Using  the  soft  clay  criteria,  the  predicted  and  measured  results  were 
found  to  be  in  close  agreement;  however,  the  effect  of  cyclic  loading  was 
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predicted  to  be  much  less  than  measured.  Using  the  stiff  clay  (bwt)  cri¬ 
teria,  the  predicted  effect  of  cyclic  loading  is  too  severe  beginning  at  a 
lateral  load  above  2500  lbs.  The  effect  of  cylic  loading  using  the  stiff 
clay  (awt)  criteria,  Fig.  5.11c,  is  less  than  was  measured. 

Lake  Austin 

The  results  of  the  tests  performed  at  Lake  Austin  are  shown  in  Fig. 
5.12a.  Three  data  points  for  each  load  level  are  plotted  to  demonstrate 
the  effect  previous  cycling  had  on  the  behavior  of  the  pile  at  higher  load 
levels.  Data  points  termed  static  are  representative  of  load-deflection 
behavior  measured  during  a  test  in  which  the  load  was  monotonical ly 
increased  to  the  maximum  value  of  lateral  load.  The  points  corresponding 
to  1st  cycle  and  500th  cycle  are  representative  of  the  load  and 
deflections  measured  during  the  cyclic  test  in  which  the  pile  was  loaded 
to  a  certain  magnitude  and  cycled  at  that  load.  Upon  completion  of- the 
last  cycle  (or  500th  cycle),  the  load  level  was  increased  and  cycling  was 
reinitiated.  Thus,  the  effect  of  the  previous  load  cycles  at  lower  levels 
of  loading  can  be  seen  by  comparing  the  load-versus-deflection  relation¬ 
ship  for  the  static  test  with  the  load-versus-def lection  relationship 
measured  during  the  first  cycle  of  loading  in  the  cyclic  test. 

The  predicted  curve  of  load  versus  deflection  using  the  soft  clay 
criteria  is  shown  in  Fig.  5.12a.  The  predicted  and  measured  behavior 
under  static  load  are  in  good  agreement;  however,  the  effect  of  cyclic 
loading  is  predicted  to  be  much  less  than  measured.  The  predicted  behav¬ 
ior  using  the  stiff  clay  (bwt)  criteria  is  shown  in  Fig.  5.12b.  The  pre¬ 
dicted  behavior  under  static  loading  is  stiffer  than  measured;  however, 
the  predicted  behavior  under  cyclic  loading  exhibits  a  much  more  severe 
increase  in  deflection  between  10,000  and  13,000  lbs  than  was  measured. 


The  stiff  clay  (awt)  criteria  was  used  to  predict  lateral-load  behavior  as 
shown  in  Fig.  5.12c.  Although  the  predicted  relationship  for  static  load¬ 
ing  is  reasonably  close  to  that  measured,  the  effect  of  cyclic  loading  was 
predicted  to  be  much  less  than  measured. 

Sabine,  Free-  and  Restrained-Head  Tests 

The  results  of  a  series  of  tests  are  shown  in  the  form  of  lateral 
load  versus  deformation  in  Figs.  5.13  and  5.14  for  free-head  and 
restrained-head  conditions.  Because  the  tests  were  performed  at  the  same 
site,  identical  soil  properties  were  used  for  each  of  the  p-y  analyses.  A 
value  of  shear  strength  of  2.4  Ibs/sq  in.  was  selected  based  on  both  the 
shear-strength  profile  presented  in  Fig.  3.29  and  the  close  fit  between 
measured  and  predicted  behavior  of  the  free-head  pile  subjected  to  static 
loading.  Values  of  were  selected  to  be  0.0091  on  the  basis  of  results 
from  triaxial  tests  conducted  on  soil  from  the  Sabine  site. 

Under  free-head  conditions,  the  measured  and  predicted  values  of 
load  versus  deflection  were  close  when  the  soft  clay  criteria  were 
employed.  The  measured  values  of  load  versus  deflection  under  static 
loading  were  followed  closely  by  predicted  values  up  to  loads  of  approxi¬ 
mately  18,000  lbs.  For  cyclic  loading,  predicted  increases  in  deflection 
were  slightly  less  than  measured. 

For  the  stiff  clay  (bwt)  criteria,  predictions  of  behavior  for  both 
static  and  cyclic  loading  did  not  agree  well  with  measured  behavior.  For 
both  types  of  loading,  excessive  deflection  was  predicted  and  excessive 
deformations  at  loads  less  than  half  of  the  maximum  lateral  loads  measured 
during  the  tests.  Predictions  of  lateral-load  behavior  employing  the 
stiff  clay  (awt)  criteria  are  shown  in  Fig.  5.13c.  The  agreement  between 
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for  field  tests  performed  at  Sabine  (restrained-head  conditions 


predictions  and  measurements  is  closer  than  that  for  the  stiff  clay  (bwt) 
criteria,  but  not  as  good  as  that  using  the  soft  clay  criteria. 


In  addition  to  the  free-head  tests  performed  on  the  piles, 
restrained-head  tests  were  also  conducted.  Values  of  lateral  load  and 
bending  moment  were  recorded  for  each  testing  sequence.  These  recorded 
loads  and  moments  were  used  to  obtain  values  of  lateral  load  and  the  cor¬ 
responding  restraining  moment  at  the  pile  head  for  use  as  boundary  condi¬ 
tions  in  the  computer  program. 

Shown  in  Figs.  5.14a,  5.14b,  and  5.14c  are  the  measured  and  predicted 
relationships  of  load  versus  deflection  for  the  soft  clay,  stiff  clay 
(bwt),  and  stiff  clay  (awt)  criteria.  The  predicted  behavior  using  the 
soft  clay  criteria  agrees  best  with  measurements;  however,  cyclic  loading 
is  seen  to  increase  deflection  more  than  predicted. 

Using  the  stiff  clay  (bwt)  criteria,  computed  deflections  for  both 
the  static  and  cyclic  loading  are  greater  than  those  measured. 
Deflections  predicted  by  the  stiff  clay  (awt)  criteria  are  slightly  larger 
than  those  measured  under  static  loading;  however,  agreement  is  good 
between  measured  and  computed  increase  in  deflection  due  to  cyclic  load¬ 
ing. 

Manor,  Piles  1  and  2 

The  soil  and  pile  properties  for  this  lateral  load  test  were  pre¬ 
sented  in  Chapter  3.  Shown  in  Figs.  5.15a,  5.15b,  and  5.15c  are  measured 
values  of  pile  behavior  and  predictions  using  the  three  sets  of  p-y  crite¬ 
ria.  Three  measured  values  for  each  load  level  are  shown  and  correspond 
to  a  static  load,  the  1st  cycle,  and  the  100th  cycle.  The  three  points 
give  an  indication  of  the  effect  of  previous  cycles  at  lower  load  levels 
in  determining  the  deflection  of  the  1st  cycle  at  a  new  load  level. 
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:IG.  5.15.  Curves  showing  comparison  of  computed  and  measured  deflections 
for  field  tests  performed. at  Manor  (piles  1  and  2) 


Shown  In  Fig.  5.15a  are  the  measured  deflections  versus  lateral  loads 
and  the  behavior  computed  by  using  the  soft  clay  criteria.  The  prediction 
for  static  load  agrees  poorly  with  measured  values  and  the  p-y  criteria 
predict  no  increased  deflection  with  cyclic  loading,  obviously  in  disa¬ 
greement  with  the  measurements.  Using  the  stiff  clay  (bwt)  criteria, 
excellent  agreement  is  shown  in  Fig.  5.15b  between  predictions  and  meas¬ 
urements  for  both  static  and  cyclic  loading.  This  was  expected  because 
these  tests  form  the  basis  for  the  stiff  clay  (bwt)  criteria.  Using  the 
stiff  clay  (awt)  criteria,  predictions  of  deflection  for  both  static  and 
cyclic  loading  are  larger  than  measured. 

Manor,  Pile  3 

In  addition  to  the  lateral  load  tests  performed  on  the  25.25-in. 
diameter  piles,  lateral  load  tests  were  performed  on  a  pile  measuring 
6.625  in.  in  diameter.  The  results  of  the  lateral  load  test  and  the  pred¬ 
ictions  of  lateral  load  behavior  are  presented  in  Figs.  5.16a,  5.16b,  and 
5.16c. 

As  shown  In  Fig.  5.16a,  the  deflections  predicted  using  the  soft  clay 
criteria  agree  well  with  measured  values.  However,  much  less  effect  due 
to  cyclic  loading  Is  predicted  than  measured.  Predictions  of  behavior  for 
both  cyclic  and  static  loading  are  best  by  the  stiff  clay  (bwt)  criteria; 
however,  a  slightly  stlffer  relationship  is  predicted  for  the  static  case, 
and  excessive  deflections  are  predicted  at  slightly  lower  loads  than  meas¬ 
ured  In  the  cyclic  case.  The  stiff  clay  (awt)  criteria  shows  an  effect  of 
cyclic  loading;  however,  neither  static  nor  cyclic  predictions  are  seen  to 
be  close  to  those  measured. 
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SUMMARY 


Sixteen  case  histories  have  been  reviewed  and  their  behavior  com¬ 
pared  with  the  load  verus  deflection  behavior  predicted  using  the  soft 
clay  criteria,  the  stiff  clay  (bwt)  criteria,  and  the  stiff  clay  (awt) 
criteria.  As  expected,  no  particular  method  provided  clearly  superior 
agreement  between  measured  and  predicted  behavior;  however,  a  closer  look 
at  the  comparisons  presented  in  Figs.  5.1  to  5.16  yields  some  interesting 
results.  Shown  in  Table  5.1  is  a  list  defining  which  p-y  criteria  best 
predicted  the  effects  of  cyclic  loading  for  each  case  history.  Each  cri¬ 
teria  was  assigned  a  number  (1,  2,  or  3)  depending  on  how  well  the  crite¬ 
ria  predicted  the  measured  behavior  with  respect  to  the  other  criteria. 
Thus,  the  number  1  was  assigned  to  the  criteria  which  best  predicted  the 
measured  effect  of  cyclic  loading,  and  the  number  3  was  assigned  to  the 
criteria  that  least  agreed  with  measured  behavior. 

For  clays  above  the  water  table,  it  appears  that  the  stiff  clay  (awt) 
criteria  predicted  the  effects  of  cyclic  loading  best.  This  observation 
is  expected  because  the  stiff  clay  (awt)  criteria  seems  the  most  appropri¬ 
ate. 

For  the  lateral  load  tests  conducted  in  which  water  was  ponded  above 
the  ground  surface,  no  single  p-y  criteria  was  clearly  superior  in  pre¬ 
dicting  the  effects  of  cyclic  loading.  This  was  expected  because  two  p-y 
criteria  (soft  clay  and  stiff  clay  (bwt))  are  currently  available  for  pre¬ 
dicting  the  lateral  load  behavior.  Only  two  lateral  load  tests,  Manor 
(piles  1  and  2),  and  Manor  (pile  3),  fall  into  the  category  particularly 
suited  for  a  p-y  analysis  using  the  stiff  clay  (bwt)  criteria.  The  agree¬ 
ment  between  the  predicted  and  measured  effect  of  cyclic  loading  was  good; 
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Manor  (Piles  1  and  2)  312  stiff  clay  (bwt)  criteria 

based  upon  the  results  of 
this  test 

Manor  (Pile  3)  312 


however,  this  agreement  was  expected  because  the  p-y  criteria  were  based 
on  the  results  of  these  tests. 


For  lateral  load  tests  conducted  in  soils  that  may  be  considered 
medium  (Lake  Austin),  or  soft  (Harvey,  and  Sabine),  the  soft  clay  p-y  cri¬ 
teria  seems  the  most  appropriate.  However,  although  the  Sabine  test 
results  appear  to  agree  with  predictions  from  the  soft  clay  p-y  criteria, 
the  results  from  tests  performed  at  Harvey  and  Lake  Austin  exhibit  a  much 
greater  effect  of  cyclic  loading  than  predicted.  This  is  an  important 
point  because  it  emphasizes  that  the  cyclic  behavior  of  piles  in  clay  may 
be  very  different,  and  not  easily  predicted  by  current  techniques.  Addi¬ 
tional  knowledge  is  required  regarding  the  behavior  of  the  soil  subjected 
to  cylic  loading  and  the  susceptibility  of  the  soil  to  the  scouring  action 
of  the  water. 

Other,  more  general  conclusions  can  be  drawn  from  reviewing  the  pred-r 
ictions  plotted  in  Figs.  5.1  through  5.16.  In  most  of  the  cases  studied 
herein,  the  soft  clay  criteria  predicted  the  smallest  effect  of  cyclic 
loading  and  the  stiff  clay  (bwt)  predicted  the  greatest  effect  of  cyclic 
loading.  The  stiff  clay  (awt)  usually  predicted  the  effect  of  cyclic 
loading  to  be  at  some  intermediate  value  between  the  soft  clay  and  stiff 
clay  (bwt)  criteria.  These  observations  are  limited  to  the  cases  being 
studied  currently  and  therefore  will  probably  vary  for  pile  or  soil  prop¬ 
erties  different  than  those  studied  here. 
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CHAPTER  6.  SPECIAL  PROCEDURES  FOR  TESTING  SOILS 
FROM  SITES  WHERE  LATERAL-LOAD  TESTS  WERE  PERFORMED 

INTRODUCTION 

It  is  obvious  that  the  behavior  of  a  pile  subjected  to  static  and 
cyclic  lateral  loads  is  dependent  on  the  characteristics  of  the  soil  sur¬ 
rounding  the  pile.  In  order  to  determine  these  characteristics,  laborato¬ 
ry  tests  were  conducted  on  soil  specimens  obtained  from  soils  very  near 
two  locations  at  which  lateral  load  tests  were  conducted.  Of  course,  soil 
testing  was  performed  at  the  time  the  testing  program  was  conducted;  how¬ 
ever,  tests  were  not  performed  originally  that  now  appear  to  be  important. 
Two  aspects  of  the  soil  that  are  deemed  particularly  important  are  the 
behavior  of  the  soil  subjected  to  cyclic  loading  and  the  resistance  of  the 
soil  to  erosion  when  subjected  to  water  flowing  over  the  soil  surface. 
Discussed  herein  is  a  description  of  the  testing  equipment  and  testing 
procedures  used  to  assess  the  behavior  of  the  soil  when  subjected  to 
cyclic  and  static  loading,  and  to  assess  the  resistance  to  erosion  of  the 
soi  1 . 

TRIAXIAL  TESTING 

In  order  to  determine  the  static  stress-strain  characteristics  of 
the  soil,  and  its  behavior  when  subjected  to  cyclic  loads,  two  types  of 
triaxial  tests,  static  and  cyclic,  were  conducted.  The  set-up  procedure, 
triaxial  cells,  and  all  procedures  except  for  the  application  of  axial 
lead,  we^e  the  same  for  all  triaxial  specimens,  whether  they  were  to  be 
tested  cyclically  or  statically. 
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Set-up  Procedure 


Specimens  of  soil  that  were  to  be  tested  trlaxially  were  first  verti¬ 
cally  extruded  from  three  Inch-shelby  tubes,  and  then  carefully  trimmed  to 
the  dimensions  required;  3.0  in.  In  length  and  1.5  In.  In  diameter.  Dur¬ 
ing  trimming,  loss  of  moisture  was  retarded  by  covering  the  exposed  parts 
of  the  trimmed  specimens  with  a  plastic  wrapping.  Upon  completion  of 
trimming,  soil  specimens  were  placed  on  the  base  pedestal  of  the  trlaxlal 
cell,  lateral  filter-paper  drains  added,  and  a  thin  latex  rubber  membrane 
was  used  to  seal  the  specimen. 

After  the  base  of  the  triaxial  cell  was  flushed  of  any  air  bubbles, 
the  cell  was  filled  with  de-alred  water  and  a  pre-set  cell  pressure  was 
applied  using  a  self-compensating  mercury-pot  system  (Bishop  and  Henkel, 
1962).  Volume  changes  of  the  specimen  were  measured  versus  time.  Upon 
completion  of  consolidation,  back-pressure  and  cell  pressure  were  applied 
at  a  rate  of  10  lb/sq  In.  per  day  until  acceptably  high  values  of 
B-coeff Iclent  were  measured.  Final  B-values  measured  during  the  tests 
were  generally  In  excess  of  0.97.  The  procedures  followed  thereafter  were 
dependent  on  whether  the  triaxial  test  was  to  be  conducted  statically  or 
cycl ical ly. 

Static-Trlaxial  Tests 

After  back-pressure  saturation,  the  cell  was  moved  onto  a  Wyke- 
ham-Farrance  loading  press  and  a  proving  ring  and  dial  gauges  were 
Installed  to  measure  load  and  deflection  of  the  triaxial  specimen.  The 
loading  rod  was  then  lowered  until  slight  contact  was  made  with  the  top 
cap.  At  this  time,  shearing  was  started,  and  readings  of  load,  deforma¬ 
tion,  and  pore  pressure  were  recorded.  Shearing  rates  were  preset  and 
were  calculated  to  shear  the  specimen  at  a  rate  slow  enough  to  allow  pore 
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pressures  generated  In  the  center  of  the  specimen  to  be  measured  at  the 
base  of  the  specimen. 

After  the  specimen  failed,  the  specimen  was  removed  from  the  triaxial 
cell  and  water  contents  were  taken.  Failure  was  defined  as  either  20  per¬ 
cent  strain  or  as  the  specimen  passed  through  both  maximum  principal 
stress  difference  and  maximum  principal  stress  ratio. 

Cycl ic-Triaxial  Tests 

In  order  to  apply  cyclic  loads  to  the  triaxial  specimen,  a  device  to 
apply  constant  levels  of  cyclic  deformation  was  fabricated  and  is  shown  in 
Fig.  6.1.  The  device  consists  of  a  rotating  disk  upon  which  a  freely 
rotating  rod  is  connected.  The  position  of  the  rod  on  the  disk  Is  adjust¬ 
able;  therefore,  variable  eccentricities  are  possible.  Connected  to  the 
rod  is  an  arm  which  is  restricted  to  linear  motion  by  two  linear-motion 
stainless-steel  bearings.  The  motion  at  the  end  of  this  arm  varies 
approximately  in  a  sinusoidal  manner,  and  its  amplitude  can  be  adjusted  by 
varying  the  eccentricity  of  the  connection  at  the  rotating  disk.  In  addi¬ 
tion,  the  frequency  can  be  controlled  by  a  variable-speed  motor  that 
rotates  the  disk. 

Between  the  linear-motion  arm  and  the  loading  rod  of  the  triaxial 
cell  are  located  connections  for  the  load  cell  and  a 
di  rect-current-di splacement-transducer  (DCDT).  These  two  devices  measure 
the  load  applied  to  the  loading  rod  and  the  deformation  of  the  triaxial 
specimen.  The  output  from  these  electrical  sensors  were  recorded  using  an 
X-Y  plotter. 

Before  any  testing  was  initiated,  the  loading  rod  had  to  be  brought 
into  contact  with  the  top  cap.  This  particular  connection  was  more  com¬ 
plicated  than  the  static  case  because  tensile  loads  between  the  loading 
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FIG.  6.1.  Laboratory  device  for  applyin 
strains  to  triaxial  specimens 
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rod  and  the  top  cap  developed  during  the  extension  phase  of  the  applied 
cyclic  deformations.  In  order  to  allow  necessary  tensile  loads  to  devel¬ 
op,  a  specially  designed  loading  head  and  top  cap  was  fabricated.  The  top 
cap  and  loading  head  were  designed  to  come  into  contact  along  their  perim¬ 
eter  and  form  an  air-  and  water-tight  seal.  After  the  seal  was  made,  a 
vacuum  could  be  drawn  in  a  chamber  inside  the  loading  head.  The  total 
tensile  force  that  the  connection  could  resist  was  then  calculated  as  the 
cross-sectional  area  of  the  chamber  times  the  differential  pressure 
between  the  outside  cell  pressure  and  the  inside  chamber  pressure.  A 
schematic  drawing  of  the  loading  head  and  top  cap  is  shown  in  Fig.  6.2. 

After  contact  was  made  between  the  loading  head  and  the  top  cap,  a 
vacuum  was  applied  to  the  chamber  within  the  connection.  At  this  point, 
the  cyclic  triaxial  test  was  ready  to  begin;  thus,  the  motor  controlling 
the  cyclic  device  was  activated  and  applied  cyclic  deformations  as  the.  X-Y 
plotter  recorded  the  load-deformation  behavior  of  the  triaxial  specimen. 
Pore  pressures  at  the  bottom  of  the  specimen  were  measured  for  most  of  the 
specimens;  however,  the  values  obtained  from  these  measurements  are 
thought  to  be  unrepresentative  of  the  pore  pressures  at  the  center  of  the 
specimen.  The  pore  pressures  generated  near  the  center  of  the  sample  have 
too  little  time  to  equalize  during  the  short  duration  of  one  cycle. 

Several  cycles  of  loading  were  applied  to  each  specimen,  generally 
greater  than  100.  After  testing  was  completed,  either  another  cyclic  or 
static  triaxial  test  was  performed,  or  the  specimen  was  removed  from  the 
triaxial  cell  and  water  contents  were  determined. 
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EROSIONAL  TESTING 


An  aspect  of  the  behavior  of  cohesive  soil  believed  to  play  an  impor¬ 
tant  role  in  the  response  of  piles  subjected  to  cyclic  lateral  loading  is 
the  susceptibility  of  the  soil  to  erosion  along  the  interface  of  the  pile 
and  soil.  As  water  rushes  up  and  down  along  the  gap,  the  water  has  the 
tendency  to  erode  or  scour  the  soil.  In  order  to  investigate  this  phenom¬ 
enon,  two  types  of  tests  were  conducted.  One  test  involved  a  rod  inserted 
into  soil  and  moved  cyclically  in  the  horizontal  direction  (Wang  and 
Reese,  1982).  Although  it  was  not  intended  to  model  the  behavior  of  a 
real  pile  exactly,  it  was  felt  that  perhaps  some  of  the  elements  important 
in  a  real  pile  would  also  be  important  in  the  experiment  with  the  rod. 
After  the  pile  was  inserted  into  the  sample  of  soil  and  cyclic  defor¬ 
mations  applied,  the  amount  of  soil  scoured  out  between  the  soil  and  the 
model  pile  wall  was  measured.  The  weight  of  soil  measured  duri ng  the.  rod 
test  was  used  as  an  index  parameter  for  assessing  the  sucepibility  of  the 
soil  to  scour. 

Another  test  used  and  performed  in  parallel  with  the  rod  tests  was 
the  pinhole-dispersion  test.  The  pinhole-dispersion  test  is  conducted  by 
flowing  water  through  a  one-eighth  in.  diameter  hole  that  has  been  drilled 
through  the  specimen.  The  dimensions  of  the  specimen  as  well  as  the 
applied  gradient  are  specified  and  measurements  are  made  of  the  color  and 
turbidity  of  the  water  exiting  the  specimen.  A  more  detailed  description 
of  the  test  procedure  and  requirements  are  presented  by  Wang  and  Reese 
(1982)  and  by  Sherard,  et  al  (1976). 
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CHAPTER  7.  RESULTS  OF  SOIL 


EXPLORATION  AND  PROGRAM  OF  TRIAXIAL  TESTING 

INTRODUCTION 

In  order  to  obtain  Information  on  the  behavior  of  the  soils  encount¬ 
ered  at  locations  where  lateral  load  tests  were  conducted,  a  program  was 
initiated  to  obtain  samples  at  the  site.  These  samples  would  then  be 
brought  back  to  the  laboratory  and  tested  to  evaluate  specific  aspects  of 
the  behavior  of  the  soil  and  see  if  the  behavior  measured  in  the  laborato¬ 
ry  could  be  correlated  in  some  manner  to  the  behavior  measured  in  the 
field. 

Two  sites  were  selected  for  this  study.  The  first  site  was  located 
near  Manor,  Texas  where  the  soils  in  the  area  are  considered  to  be  stiff, 
fissured  clays.  The  second  site  was  located  near  Sabine  Pass,  Texas.-  In 
general,  the  soil  found  at  this  site  consisted  of  soft  clays  and  silts. 
The  field  investigation  and  results  of  the  laboraory  testing  program  for 
both  sites  are  described  herein. 

MANOR  SITE 

Site  Location 

As  shown  in  Fig.  7.1,  the  site  is  located  along  U.S.  Highway  290 
between  Austin  and  Manor,  Texas,  about  3.7  miles  northeast  of  the  inter¬ 
section  of  Highway  183  and  290.  Specifically,  the  site  Is  located  along 
U.S.  Highway  290  at  Station  319.5,  and  just  west  of  a  residence  with  the 
address  9741  U.S.  Highway  290E. 

Tn  1966,  a  50  ft  by  45  ft  test  pit  was  excavated  to  a  depth  of  6  ft 
and  all  the  lateral-load  tests  were  performed  within  this  excavation. 
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This  excavated  area  is  located  approximately  70  ft  south  of  U.S.  Highway 
290,  and  approximately  30  ft  west  of  the  nearest  residence  as  shown  in 
Fig.  7.2. 

History  of  Site 

In  1966,  an  investigation  was  made  to  assess  the  behavior  of 
full-scale  piles  in  stiff  clay  subjected  to  lateral  loads.  A  suitable 
site  was  selected  and  a  pit  was  excavated.  As  the  excavation  proceeded, 
soil  borings  were  made  and  soil  specimens  were  tested  to  determine  mois¬ 
ture  content,  Atterberg  limits,  and  shear  strength.  A  chronological  list 
of  the  borings  with  respect  to  the  excavation  of  the  pit  and  pile  instal¬ 
lation  1 s  shown  below: 


Bori ngs 

Date  of  Borings 

Status  of  Test  Program 

*  • 

B-l ,  B-2 

October  14,  1966 

Before  excavating  test  pit. 

r 

1  8-3,  B-4 

December  15,  1966 

After  excavating  pit  to  3  ft  depth 
and  just  prior  to  ponding. 

B-5,  B-6 

April  19,  1967 

After  ponding  for  4  months.  Prior 
to  installation  of  test  piles  in 
period  of  May  2-9,  1967. 

B-7 ,  B-8 

June  30,  1967 

Pit  excavated  another  2^  ft  to  total 
depth  of  5*5  ft  on  April  21,  1967. 
Test  piles  installed  and  pit  exca¬ 
vated  a  final  h  ft  to  total  depth  of 
6  ft  in  period  May  2-9,  1967. 

The  location  of  these  borings,  and  the  locations  of  the  two  piles  are 
shown  in  Fig.  7.2. 

After  interpretation  was  completed  of  the  data  obtained  from  the 
soil-testing  program,  the  original  investigators  reached  conclusions 
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regarding  in  situ  shear  strength.  Shown  in  Fig.  7.3  is  the  resulting  soil 
profile,  along  with  the  original  estimate  of  the  shear  strength  of  the 
soil.  The  original  estimate  of  the  shear  strength  (shown  as  the  heavy 
solid  line)  was  based  on  results  of  unconfined  compression  tests,  uncon¬ 
sol  idated-undrained  compression  tests,  and  pocket  penetrometer  tests. 
After  completion  of  the  testing  program,  the  excavated  area  was  filled, 
and  the  site  was  abandoned.  No  further  work  or  research  was  done  at  this 
si te  unti 1  1981 . 

Boring  Campaign  in  1981 

During  the  time  from  September  28  to  October  2,  a  subsurface  investi¬ 
gation  of  the  test  site  was  performed.  The  purpose  of  the  investigation 
was  to  define  the  current  subsurface  conditions  and  relate  them  to  the 
conditions  described  in  1966.  Several  boreholes  were  advanced  to  define 
soil  stratigraphy  and  to  obtain  shelby  tube  samples. 

In  order  to  compare  the  current  soil  profile  with  the  profile  that 
existed  in  1966,  an  exploratory  borehole  was  advanced,  and  shelby  tube 
samples  were  taken  continuously  from  a  depth  of  5.0  ft  to  a  depth  of  15.0 
ft.  After  each  sample  was  taken,  the  soil  was  extruded,  and  visually 
classified.  The  depths  of  easily  distinguishable  layering  were  compared 
with  the  depths  of  similar  layers  reported  in  the  1966  investigation.  It 
was  concluded  that  the  top  of  the  pit  excavated  in  1966  was  approximately 
6  ft  below  the  current  ground  level. 


After  establishing  the  depth  to  the  top  of  the  previously  excavated 
area,  shelby  tube  samples  were  taken.  A  total  of  four  holes  were  advanced 
with  continuous  sampling;  however,  due  to  large  pieces  of  gravel  and  very 
stiff  soil,  some  tubes  were  either  bent  or  lost  in  the  hole.  Shown  in  Fig. 
7.4  is  a  plot  of  the  depths  at  which  soil  samples  were  taken,  and  shown  in 


nvestlgation  (from  Reese,  et  al,  1975) 


Depth  Below  Current  Ground  Surfoce  (ft) 


Borehole  Number 


ST'I 


ST-2 


ST-3 


ST- 4 


1st  - 1 1 


1ST -21 


ST-42 


I  ST-12 


ST- 22 


ST-32 


1ST  “13 


1ST -23 


ST-43 


ST  “  44 


ST- 14 


ST-24 


ST- 33 


ST- 45 


ST-15 


ST -25 


FIG.  7.4.  Depths  at  which  soil  samples 
were  taken  at  Manor  site 


Fig.  7.5  is  a  best  estimate  of  the  locations  at  which  the  soil  borings 
were  advanced.  The  exact  location  of  the  boreholes  could  not  be  ascer¬ 
tained  because  some  landmarks  used  in  he  1966  investigation  were  not  pres¬ 
ent  during  the  1981  investigation. 

Laboratory  and  Testing  Procedures 

In  order  to  define  characteristic-material  parameters  for  the  soil 
specimens  taken  at  the  Manor  site,  one-dimensional  consolidation  tests, 
static  triaxial  and  cylic  triaxial  tests  were  performed.  The  special  pro¬ 
cedures  that  were  used  for  some  of  these  tests  are  described  in  Chapter  6. 

One-Dimensional  Consolidation  Tests.  One-dimensional  consolidation 
tests  were  performed  on  samples  2.5  in.  in  diameter  and  0.5  in.  in  height. 
Upon  trimming  the  specimen  into  the  consolidation  ring  and  mounting  the 
ring  in  the  consolidation  device,  a  vertical  pressure  of  125  lb/sq  ft  was 
applied  to  the  specimen.  The  dial  gauge  was  watched  carefully  to  deter¬ 
mine  if  any  swelling  occurred.  If  swelling  was  detected,  additional  pres¬ 
sure  was  applied  until  no  swelling  was  apparent. 

Geometric-loading  increments  were  applied  at  approximately  24-hour 
intervals  during  loading  whereas  for  unloading,  a  factor  of  four  (64000 
lb/sq  ft,  16000  lb/sq  ft,  4000  lb/sq  ft,  ...  etc.)  was  used  at  approxi¬ 
mately  48-hour  intervals. 

A  total  of  five  one-dimensional  consolidation  tests  was  performed 
and  the  resulting  consolidation  curves  are  shown  in  Fig.  7.6  on  a  plot  of 
vertical  strain  versus  log  of  the  effective  vertical  pressure. 

The  shape  of  the  one-dimensional  consolidation  curves  presented  in 
Fig.  7.6  Is  characteristic  of  a  heavily  overconsolidated  clay.  There  is 
no  clear  indication  of  any  point  which  might  be  selected  as  a  maximum  pre¬ 
vious  overburden  pressure. 
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FIG.  7.5.  Location  of  boreholes  made  in  1981 


Static-Triaxial  Tests.  Two  types  of  static  triaxial  tests  were  per¬ 
formed  on  the  soil  specimens  taken  from  the  Manor  site.  These  two  tests 
are  (1)  isotropically-consolidated,  undrained  triaxial  compession  test 
with  pore  pressure  measurement  (CIU-TC),  and  (2)  isotropical¬ 
ly-consolidated,  undrained  triaxial  extension  test  with  pore  pressure 
measurement  (CIU-TE).  Chapter  6  presents  details  of  the  procedures 
employed. 

Results  of  all  the  triaxial  tests  of  soils  from  the  Manor  site  are 
shown  in  Table  7.1.  Stress-strain  curves  and  pore  pressure-strain  curves 
for  the  triaxial  compression  tests  are  shown  in  Fig.  7.7  and  the  corre¬ 
sponding  effective  stress  paths  are  shown  in  Fig.  7.8.  Stress-strain 
curves  and  pore  pressure-strain  curves  for  the  triaxial  extension  tests 
are  shown  in ‘Fig.  7.9  and  the  corresponding  effective  stress  paths  are 
shown  in  Fig .  7.10. 

Cycl ic-Triaxial  Tests.  Several  control led-straln,  cyclic  triaxial 
tests  were  conducted  on  specimens  obtained  from  the  Manor  site.  The 
results  of  these  tests  are  summarized  in  Table  7.1,  and  the  relationship 
of  stress  difference  versus  number  of  cycles  measured  during  the  tests  are 
shown  in  Fig.  7.11  through  7.18.  The  peak  stress  difference  is  seen  to 
decrease  with  increasing  number  of  cycles. 

Erosion  and  Pinhole-Dispersion  Tests.  In  addition  to  the  triaxial 
tests  performed  on  the  Manor  soil,  rod  tests  and  pinhole  dispersion  tests 
were  performed  as  described  in  Chapter  6.  The  results  of  thest  tests  were 
used  to  determine  the  susceptibility  of  the  soil  to  the  scouring  action 
that  takes  place  in  the  gap  that  is  formed  along  the  pile  wall.  For  the 
rod  study,  a  scour  index  value  of  0.27  was  determined.  The  scour-index 
value  is  meant  to  be  compared  with  scour-index  values  obtained  from  tests 
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FIG.  7.7.  Stress-strain  and  pore  pressure-strain  curves 
for  triaxial  compression  tests  on  Manor  soils 
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FIG.  7.12.  Cyclic  stress  versus  number 
of  cycles  for  test  13,  Manor 
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FIG.  7.14.  Cyclic  stress  versus  number  of 
cycles  for  test  23,  Manor 
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FIG.  7.16.  Cyclic  axial  stress  versus  number 
of  cycles  for  test  27,  Manor 
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FIG.  7.17.  Cyclic  axial  stress  versus  number  of 
cycles  for  test  28,  Manor 
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FIG.  7.18.  Cyclic  axial  stress  versus  number  of 
cycles  for  test  29,  Manor 


on  other  soils.  Once  experience  is  gained  in  correlating  scour-index  val¬ 
ues  of  soils  with  observed  scouring  behavior  of  the  soil  around  the  pile, 
better  methods  of  predicting  pile-soil  behavior  will  become  available. 

In  addition  to  the  scour-index  tests,  pinhole-dispersion  tests  were 
also  performed  on  specimens  of  Manor  soil.  The  results  of  pin- 
hole-dispersion  tests  conducted  on  both  compacted  and  natural  Manor  soil 
indicated  the  clay  to  be  non-di spersive. 

SABINE  SITE 

Site  Location 

The  Sabine  test  site  is  located  south  of  Sabine  Pass,  Texas,  along 
the  west  bank  of  the  Sabine  River  as  shown  in  Fig.  7.19.  The  original 
site,  and  the  location  of  the  test  pits  used  in  the  field  study  are  shown 
in  Fig.  7.20.  Unfortunately,  it  was  impossible  to  return  to  the  original 
site  and  obtain  samples  because  the  immediate  area  had  been  filled,  paved, 
and  served  as  a  storage  yard  for  steel  casing  used  in  the  petroleum  indus¬ 
try.  Therefore,  soil  specimens  were  obtained  from  the  nearest  suitable 
location,  which  was  about  100  to  200  ft  from  the  original  site.  This 
location  is  shown  in  Fig.  7.20. 

Hi  story  of  Site 

In  1958,  a  soil  boring  and  testing  program  was  conducted  to  determine 
the  subsurface  profile  and  the  shear  strength  of  the  soil.  In  addition  to 
visual  classification,  Atterberg  limits,  and  water  content  tests,  several 
vane  tests  and  unconfined  compression  tests  were  conducted.  Shown  in  Fig. 
7.21  are  the  results  of  the  original  testing  program. 


Upon  completion  of  the  soil  boring  program,  the  original  investi¬ 
gators  decided  to  excavate  three  rectangularly-shaped  test  pits  measuring 
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FIG.  7.19.  Location  of  the  test  site  near  the  mouth 
of  the  Sabine  River  (from  Matlock  and 
Tucker,  1961) 
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FIG.  7.21.  Soil  profile  for  Sabine  site 

(from  Matlock  and  Tucker,  1961) 


12  ft  wide,  16  ft  long  and  4.5  ft  deep.  The  excavations  were  made  to  elim¬ 
inate  the  presence  of  the  stlffer,  oil-stained  clay  near  the  ground  sur¬ 
face,  and  to  expose  the  softer  clay  material. 

After  the  lateral-load  testing  program  was  completed,  the  Sabine 
site  was  abandoned  until  1978.  At  this  time,  additional  vane  tests,  tri- 
axial  tests,  and  a  series  of  self-boring  pressuremeter  tests  were  con¬ 
ducted.  The  results  of  this  investigation  are  shown  in  Fig.  7.22.  Since 
1978,  no  other  data  concerning  shear  strength  and  soil  properties  of  the 
Sabine  site  have  been  made  available. 

Boring  Campaign  in  1982 

On  June  29,  1982,  a  subsurface  investigation  of  the  Sabine  test 
location  was  conducted.  Three  boreholes  were  advanced  and  3.0  in. 
thin-walled  shelby  tube  samples  were  taken.  The  holes  were  drilled 
approximately  on  ten  ft  centers  and  the  depths  at  which  specimens  were 
obtained  are  shown  in  Fig.  7.23.  The  samples  were  obtained  by  drilling  to 
a  specified  depth,  then  lowering  the  shelby  tubes  to  the  bottom  of  the 
borehole  while  pumping  drilling  fluid  through  the  tube.  When  the  tube 
reached  the  bottom  of  the  hole,  the  shelby  tube  was  pushed  into  the 
ground.  The  tube  was  slowly  rotated,  and  then  extracted  slowly. 

After  the  tube  was  raised  to  ground  level  and  disconnected  from  the 
drill-string,  any  cuttings  within  the  tube  were  removed,  and  both  ends 
were  sealed  and  waxed.  The  tubes  were  then  stored  vertically  in  a  special 
wooden  box  and  brought  back  to  the  University  of  Texas  for  laboratory 
testing. 

Laboratory  and  Testing  Procedures 


In  order  to  obtain  information  on  the  consolidation  characteristics 
and  the  static  and  cyclic  stress-strain  behavior  of  the  soil  obtained  from 
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FIG.  7.22.  Soil  and  shear  strength  profile  for 
site  at  Sabine  Pass(from  Steussy) 


the  Sabine  site,  several  one-dimensional  consolidation  tests,  static  tri- 
axlal  tests,  and  cyclic  triaxial  tests  were  performed.  In  Table  7.2  are 
listed  the  type  of  tests,  corresponding  test  numbers,  and  important  infor¬ 
mation  for  each  test. 

The  results  of  one-dimensional  consolidation  tests  performed  on  the 
Sabine  clay  are  shown  In  Fig.  7.24.  The  curves  are  characteristic  of  a 
soft  clay. 

Four  static  triaxial  compression  tests  with  pore-pressure  measure¬ 
ments  were  also  conducted  on  specimens  of  soil  from  the  Sabine  site.  The 
results  of  the  four  CIU-TC  tests  are  listed  in  Table  7.2  and  shown  in 
terms  of  stress-strain  and  pore  pressure-strain  curves  in  Fig.  7.25. 
Additionally,  the  effective  stress  paths  measured  during  the  four  tests 
are  plotted  In  Fig.  7.26. 

Several  control led-strain,  cyclic  triaxial  tests  were  performed. on 
the  Sabine  soils  and  the  results  are  also  listed  In  Table  7.2.  The 
results  of  the  cyclic  triaxial  tests  are  presented  In  Figs.  7.27  through 
7.32  In  terms  of  maximum  peak  stress  difference  versus  number  of  cycles  of 
loading.  As  can  be  seen  In  the  figures,  as  the  number  of  cycles  Increase, 
the  value  of  peak  stress  difference  decreases. 

Erosion  and  pinhole-dispersion  tests  were  also  conducted  on  speci¬ 
mens  of  soil  from  the  Sabine  site.  Results  from  the  rod  tests  indicated  a 
scour-index  value  of  0.36.  This  value  is  somewhat  higher  than  that  meas¬ 
ured  for  the  Manor  soil. 

After  the  rod  test  was  performed,  the  equipment  was  dismantled,  the 
model  pile  was  extracted  from  the  soil,  and  the  soil  surrounding  the  model 
pile  was  cut  along  the  pile  axis  so  that  a  cross-sectional  (profile)  view 
of  the  soil  could  be  observed.  It  was  found  that  the  soil  nearest  the  cav- 
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FIG.  7.25.  Relationship  of  stress  versus  strain  and  pore 
pressure  versus  strain  measured  during  static 
triaxial  tests  on  Sabine  soil 
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1  ty  formed  by  the  pile  consisted  primarily  of  coarse  sand.  Gradually,  the 
percentage  of  silt  and  clay  sized  particles  Increases  with  distance  from 
the  pile  cavity.  The  thickness  of  this  transitional  layer  was  observed  to 
be  about  one-half  Inch.  It  Is  expected  that  this  veneer  of  coarse  materi¬ 
als  eventually  forms  a  protective  cover  that  prevents  further  significant 
scour  of  the  soil  and  may  therefore  aid  In  reducing  the  amount  of  soil 
resistance  lost  due  to  the  scouring  action  that  may  be  present  during 
cyclic  loading. 

Results  of  the  pinhole-dispersion  tests  conducted  on  the  soil  from 
Sabine  Indicated  the  clay  to  be  non-dl sperslve. 


CHAPTER  8.  EFFECT  OF  CYCLIC  LOADING  ON  PILE  BEHAVIOR 


INTRODUCTION 

Two  methods  to  evaluate  the  effect  of  cyclic  loading  are  presented 
herein.  The  first  method  utilizes  the  results  of  laboratory  tests  con¬ 
ducted  on  soil  specimens  obtained  from  two  different  sites.  Results  of 
cyclic  triaxial  tests  and  scour  tests  are  compared  and  conclusions  are 
made  regarding  their  application  to  pile  behavior  measured  during  the 
field  tests. 

The  other  study  of  pile  behavior  uses  the  results  of  field  tests  more 
directly.  This  approach  used  the  stiff  clay  (above  the  water  table  -  awt) 
procedure  as  a  basis  for  determining  what  steps  were  necessary  to  allow 
predicted  and  measured  values  of  displacement  to  agree  with  each  other. 

ANALYSIS  OF  LABORATORY  RESULTS 

As  mentioned  in  Chapter  6,  cyclic  triaxial  tests  and  scour  tests  were 
performed  on  soils  obtained  from  two  sites  in  which  field  tests  were  con¬ 
ducted,  namely,  Manor  and  Sabine  Pass,  Texas.  The  results  of  these  labo¬ 
ratory  tests  were  presented  in  Chapter  7  and  are  summarized  and  compared 
with  each  other  herein. 

Cycl ic-Triaxial  Test  Results 

The  behavior  of  soil  subjected  to  cyclic  loading  is  complex  and  dif¬ 
ficult  to  model.  Of  major  concern  is  the  stress-strain  behavior  of  the 
soil  and  how  this  relation  is  affected  by  the  number  of  applications  of 
load.  One  method  of  demonstrating  the  effect  of  cyclic  loading  is  to  plot 
the  logarithm  of  the  value  of  the  secant  modulus  at  N  cycles  versus  the 
logarithm  of  the  number  of  cycles.  A  straight  line  is  often  used  to 


211 


v  V  v  V  V  ■/  /.  •w'r-  .  -  , 


approximate  the  relationship;  therefore,  a  simple  mathematical  equation 
can  be  used  and  is  as  follows: 

en  =  Eo  • N_t 

where 

=  Secant  modulus  at  N  cycles, 

Eg  =  secant  modulus  at  first  cycle, 

N  =  number  of  cycles,  and 

t  =  degredation  parameter  (defined  as  the  slope  of  the 
straight  line  relationship  on  the  log-log  plot  described 
above . 

The  degredation  parameter,  t,  can  be  used  as  a  measure  of  the  sensi¬ 
tivity  of  different  soils  to  cyclic  loading.  As  the  value  of  t  increases, 
the  secant  modulus  decreases  more  rapidly  with  number  of  cycles.  Thus,  it 
is  expected  that  results  of  laboratory  tests  yielding  high  values  of  t  are 
representative  of  a  soil  more  affected  by  cyclic  loading  than  those  test 
results  on  soils  that  yield  low  values  of  the  degredation  parameter. 
Idriss,  et  al  (1978)  first  used  this  procedure  to  compare  the  results  of 
controlled-strain,  cyclic  triaxial  tests  on  different  soft  clay  soils. 

The  above  procedure  was  employed  to  compare  the  results  of  laboratory 
tests  on  the  soils  from  Manor  and  Sabine,  Texas.  Shown  in  Figs.  8.1  and 
8.2  are  the  values  of  the  degredation  parameter,  t,  versus  the  axial 
strain  for  cyclic  loading  for  Manor  and  Sabine  soils,  respectively.  For 
the  soils  obtained  from  Manor,  the  value  of  t  is  seen  to  increase  with 
strain  as  shown  in  Fig.  8.1.  Scatter  of  the  data  is  certainly  apparent; 
however,  considering  the  fissured  nature  of  the  soil,  scatter  in  the  data 
should  be  anticipated. 
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F'3,  8.1.  t-parameter  versus  axial  strain  for  cyclic  loading 
for  Manor  soil 
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Results  of  tests  of  soils  from  the  Sabine  area  are  shown  in  Fig.  8.2 
and  show  the  same  trend  of  increasing  value  of  t  with  increasing  strain. 
By  comparing  the  t  versus  strain  for  both  Manor  and  Sabine  soils,  it  can 
be  seen  that  for  a  given  value  of  strain,  the  value  of  t  for  the  Sabine 
soil  is  slightly  higher  than  the  value  of  t  for  the  Manor  soil.  Thus, 
based  on  results  from  the  cyclic  trlaxial  tests,  it  appears  the  Sabine 
soils  show  slightly  higher  rates  of  degredation  due  to  cyclic  loading  than 
soils  from  the  Manor  site. 

Scour  Test  Results 

The  soils  from  Manor  and  Sabine  were  subjected  to  laboratory  tests 
designed  to  evaluate  their  susceptibility  to  scour  or  erosion.  The  proce¬ 
dure  for  the  test  is  described  in  Chapter  6  and  the  results  are  presented 
in  Chapter  7.  The  laboratory  scour-test  results  yielded  values  of  the 
scour  index  of  0.27  and  0.36  for  the  Manor  and  Sabine  soils,  respectively. 

The  scour  index  is  a  parameter  that  can  be  associated  with  degree  of 
scour  susceptibility.  An  increasing  scour  index  indicates  an  increasing 
susceptibility  of  soil  to  scour.  Thus,  based  strictly  on  the  results  of 
the  laboratory  tests  to  evaluate  scour,  the  Sabine  soils  appear  more  sus¬ 
ceptible  to  scour  than  do  the  soils  from  Manor. 

However,  as  noted  previously  in  Chapter  7,  the  soil  from  Sabine  was 
found  to  form  a  layer  of  sand  in  the  soil  along  the  perimeter  of  the  test 
rod.  The  sand  could  contribute  significantly  to  reducing  the  effect  of 
cyclic  loading  by  forming  a  scour-resistant  veneer,  thus  preventing  any 
further  erosion.  It  is  unlikely  that  the  rod  test  was  fully  effective  in 
measuring  quantitatively  the  influence  of  the  sand  particles  in  the  Sabine 
clay.  There  were  thin  strata  of  sand  at  the  Sabine  site,  in  addition  to 
sand  particles  in  the  clay.  Thus,  although  the  scour  index  of  the  Sabine 
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soil  was  measured  to  be  greater  than  that  of  the  Manor  soil,  factors  such 
as  the  precise  stratigraphy  of  the  soil  are  important  to  consider. 


Measured  Depredation  During  Pile  Load  Tests 

Strictly  from  the  quantitative  results  of  the  cyclic  triaxial  tests 
and  the  scour  tests,  it  appears  that  a  larger  effect  of  cyclic  loading 
should  be  seen  for  the  pile  at  Sabine  than  for  the  pile  at  Manor.  However, 
the  results  of  the  field  tests  show  that  the  opposite  was  true. 

The  two  field  tests  were  compared  by  using  the  stiff-clay  (bwt)  p-y 
criteria  to  analyze  the  Sabine  test  and  the  soft  clay  p-y  criteria  to  ana¬ 
lyze  the  Manor  test.  As  shown  in  Fig.  5.12b,  the  predicted 
load-deflection  curve  for  Sabine  for  cyclic  loading  above  4000  lbs  shows 
much  greater  deflection  than  measured.  As  shown  in  Fig.  5.15a,  the  pre¬ 
dicted  load-deflection  curve  for  Manor  shows  little  effect  of  cyclic  load¬ 
ing  compared  to  the  measured  results.  Thus,  based  on  these  results,  it 
can  be  concluded  that  the  pile-soil  system  near  Manor,  Texas  was  affected 
by  cyclic  loading  to  a  greater  extent  than  the  pile-soil  system  located 
near  Sabi ne . 

The  reasons  why  laboratory  results  indicate  that  the  piles  at  the 
Sabine  site  should  have  exhibited  more  effect  of  cyclic  loading  than  the 
piles  located  near  Manor,  and  field  tests  indicate  the  opposite  to  be 
true,  points  to  the  need  for  consideration  of  other  important  factors. 
Several  additional  considerations  can  be  proposed  and  include  the  follow¬ 
ing:  1)  the  scale  of  the  laboratory  triaxial  tests  were  much  smaller  than 
experienced  in  the  field,  2)  the  soils  from  Manor  were  observed  to  be  fis¬ 
sured,  and  thus,  scale  should  certainly  be  expected  to  have  some  effect  on 
the  soil  behavior,  and  3)  the  scale  of  the  rod  tests  to  measure  scour 
potential  was  also  small  compared  to  the  field  tests.  If  the  fissured 
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soil  at  the  Manor  site  did  break,  into  small  pieces  during  cyclic  loading 
and  then  was  scoured  out  by  the  water  rushing  in  and  out  of  the  gap,  and 
through  the  open  fissures  as  was  observed  in  the  field  tests,  the  process 
could  not  be  accurately  modelled  by  the  small  rod  and  small  soil  speciman 
used  in  the  laboratory.  These  considerations  are  discussed  in  more  detail 
later  in  this  chapter. 

Because  the  results  of  the  laboratory  tests  indicated  behavior  oppo¬ 
site  to  the  measured  behavior,  additional  studies  of  all  the  case  histo¬ 
ries  were  undertaken  to  compare  the  behavior  of  piles  tested  in  which 
water  was  above  the  ground  surface  with  piles  tested  in  which  no  water  was 
above  the  ground  surface. 

STUDY  OF  CASE  HISTORIES 

In  order  to  study  and  compare  all  of  the  case  histories  presented  in 
Chapters  3  and  5,  a  consistent  p-y  criteria  had  to  be  selected.  In  each  of 
the  cases,  the  pile  was  subjected  to  cyclic  loading;  however,  the  number 
of  cycles  of  load  varied  considerably.  In  some  of  the  tests,  only  15 
cycles  of  load  were  applied,  while  others  were  subjected  to  500  cycles  or 
more.  Both  the  soft  clay  and  the  stiff  clay  (bwt)  p-y  criteria  have  no 
provision  for  accounting  for  the  number  of  load  applications;  however,  the 
stiff  clay  (awt)  criteria  does  allow  for  a  different  number  of  cycles.  In 
addition,  the  "stress  level"  at  which  the  cycling  occurs  can  have  an 
important  effect  as  indicated  by  the  parameter  as  described  in  Chapter 
4.  Using  the  stiff  clay  (awt)  criteria,  all  the  case  histories  could  be 
analyzed  on  the  same  basis,  and  the  effect  of  cyclic  loading  could  be 
accounted  for  in  a  consistent  manner. 


In  performing  the  analysis  for  each  case  history,  a  specific  proce¬ 
dure  was  followed.  First,  the  measured  static  relationship  of  load  versus 
deflection  was  modelled  using  the  stiff  clay  (awt)  criteria,  and  values  of 
shear  strength  were  adjusted  until  a  favorable  comparison  was  obtained 
between  prediction  and  measurement.  Then,  the  value  of  was  varied 
until  the  predicted  cyclic  deflection  of  the  pile  equalled  the  measured 
cyclic  deflection  of  the  pile  at  the  proper  number  of  cycles  of  loading. 

The  results  from  the  above  procedure  showed  considerable  variation 
in  the  value  of  required  to  explain  the  effect  of  cyclic  loading  meas¬ 
ured  in  each  case  history.  Shown  in  Figs.  8.3  and  8.4  for  each  history  are 
the  values  of  versus  the  shear  strength  of  the  soil,  and  the  value  of  Cj 
versus  the  liquidity  index  of  the  soil.  In  Fig.  8.3,  there  seems  to  be  no 
consistent  trend  of  as  a  function  of  undrained  shear  strength.  Plots 
of  Cj  versus  pile  diameter,  versus  e^g  of  the  soil,  and  versus 
deflection  were  also  made;  however,  scatter  was  observed  to  be  about  the 
same  as  presented  in  Fig.  8.3. 

However,  one  consistent  trend  Is  apparent.  For  case  histories  In 
which  pile  tests  were  conducted  under  conditions  of  a  free  water  surface 
above  the  ground  surface,  much  greater  values  of  were  required  to  fit 
the  measured  cyclic  behavior. 

Presented  in  Fig.  8.4  are  the  values  of  versus  the  liquidity  index 
of  the  soil.  Although  there  appears  to  be  some  trend  of  decreasing  values 
of  Cj  with  Increasing  values  of  liquidity  index,  conclusions  regarding 
this  trend  should  be  considered  guarded  due  to  the  small  amount  of  data, 
and  the  apparent  scatter  of  the  data  points. 
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FIG.  8.3.  Value  of  C1  versus  undrained  shear  strength 
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SUMMARY  DISCUSSION  OF  RESULTS 


The  studies  described  herein  were  designed  to  shed  light  on  the  proc¬ 
esses  Involved  in  the  significant,  and  sometimes  severe,  loss  of  soil 
resistance  coincident  with  the  cyclic  loading  of  piles  in  clay  at  offshore 
sites.  At  the  outset  of  the  studies  there  was  some  reason  to  think  that 
the  proposed  studies  could  be  employed  to  explain  quantitatively  the  field 
results  where  full-scale  piles  In  clay  were  loaded  cyclically.  While  the 
detailed  analyses  that  are  presented  in  this  Chapter  were  unable  to 
achieve  a  complete  explanation  of  the  observed  field  behavior  of  the  test 
piles,  the  data  that  have  been  obtained  in  the  laboratory  do  help  in  iden¬ 
tifying  the  Importance  of  certain  parameters  and  in  providing  guidance  for 
further  research.  The  following  discussion  serves  to  illustrate  the  sig¬ 
nificance  of  the  findings  from  the  present  studies. 

Example  Computations 

Figure  8.5  shows  an  offshore  pile  that  has  been  Installed  in  either 
soil  like  the  site  at  Manor  or  at  Sabine.  A  24-1n.  OD  pile  has  been 
selected  for  purposes  of  illustration.  Figure  8.6  a  shows  computed  p-y 
curves  for  the  two  cases  employing  the  criteria  developed  from  the  Manor 
tests  for  both  static  and  cyclic  loading  and  Fig.  8.7  shows  the  same  com¬ 
putations  for  the  Sabine  site.  The  depths  selected  for  the  curves  were  0, 
1,  2,  4,  and  8  diameters  or  0,  2,  4,  8,  and  16  ft.  For  the  Manor  site,  p-y 
curves  at  the  ground  surface  were  not  plotted  because  soil  resistance  is 
predicted  to  be  zero  at  all  values  of  deflection.  Studies  of  the  behavior 
of  piles  under  lateral  loading  show  that  the  response  of  a  pile  is  depend¬ 
ent  strongly  on  the  soils  near  the  ground  surface,  a  factor  that  deter¬ 
mined  the  depths  that  were  selected. 


To  Indicate  the  importance  of  the  surface  soils,  the  deflected  shape 
of  the  pile  was  computed  on  the  assumption  that  the  piles  were  subjected 
to  cyclic  loading,  that  the  pile  head  was  fixed  againt  rotation,  and  that 
a  bending  stress  of  20  kips/sq  in.  was  the  maximum  that  could  be  sus¬ 
tained. 

Influence  of  Cyclic  Strain 

In  order  to  determine  the  influence  of  cyclic  deflections  of  the  pile 
upon  the  resistance  provided  by  the  soil  mass,  a  study  was  conducted  to 
compare  the  amount  of  reduction  predicted  using  the  current  soft  clay  and 
stiff  clay  (bwt)  p-y  procedures  with  the  amount  of  reduction  predicted 
using  the  results  of  the  cyclic  trlaxial  tests  conducted  on  the  soils 
located  near  Sabine  and  Manor. 

Shown  by  solid  lines  drawn  in  Figs.  8.8a  through  8.8e  and  Figs.  8.9a 
through  8.9d  are  the  relationships  between  deflection  and  loss  of  resist¬ 
ance  determined  for  the  soils  located  near  Sabine  and  Manor,  respectively. 
This  relationship  was  computed  by  selecting  a  specific  deflection,  and 
then  comparing  the  static  and  cyclic  values  of  soil  resistance  predicted 
using  the  appropriate  p-y  analysis.  The  amount  of  reduction  In  soil 
resistance  is  defined  as  follows: 

R  =  1  -  Pc/P$ 

where 

R  =  reduction  in  soil  resistance, 


Pc  =  value  of  p  (Ib/in.)  predicted  for  cyclic  loading,  and 
P$  =  value  of  p  (lb/in.)  predicted  for  static  loading. 

As  can  be  seen,  at  smaller  deflections,  no  loss  of  resistance  is 
observed  (where  the  static  and  cyclic  p-y  curves  coincide);  however,  the 
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FIG.  8.8d.  Reduction  of  static  resistance  versus  lateral  displacement 
for  Sabine  soil  at  a  depth  of  96  in. 
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FIG.  8.9a.  Reduction  of  static  resistance  versus  lateral  displacement 
for  Manor  soil  at  a  depth  of  24  in. 
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FIG.  8.9b.  Reduction  of  static  soil  resistance  versus  lateral  displ 
ment  for  Manor  soil  at  a  depth  of  48  in. 
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FIG.  8.9d.  Reduction  of  static  resistance  versus  lateral  displacement 
for  Manor  soil  at  a  depth  of  192  in. 
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loss  of  resistance  Increases  with  deflection  and  may  reach  a  value  of  100 
percent  depending  on  the  deflection  and  depth. 

In  order  to  compare  the  amount  of  reduction  predicted  using  the 
results  of  the  cyclic  triaxial  tests,  the  following  procedure  was  adopted. 
Firstly,  cyclic  strains  were  calculated  by  taking  1/3  of  the  pile 
deflection  divided  by  the  diameter.  This  factor  is  an  approximation  based 
on  preliminary  finite  element  calculations  and  was  reported  by  Poulos 
(1983).  Secondly,  the  amount  of  reduction  in  soil  resistance  was  pre¬ 
dicted  using  the  results  of  the  cyclic  triaxial  tests.  For  various 
strains,  associated  values  of  the  degredatlon  parameter  (t)  were  selected 
based  upon  the  results  of  cyclic  triaxial  tests.  The  results  of  these 
tests  are  presented  in  Figs.  8.1  and  8.2  for  the  Sabine  and  Manor  soils, 
respectively.  Thirdly,  t  parameters  were  used  to  predict  a  reduction  fac¬ 
tor  by  the  following  equation: 

F  =  N-t 

where 

F  =  reduction  factor, 

N  =  number  of  cycles,  and 
t  =  degradation  parameter. 

In  the  equations  used  for  predicting  soil  resistance,  terms  other  than 
shear  strength,  such  as  unit  weight,  also  contribute  to  soil  resistance. 
Thus,  to  predict  the  reduction  in  soil  resistance  for  one  particular  level 
of  cyclic  deflection,  the  shear  strength  of  the  soil  was  multiplied  by  the 
factor,  F,  and  the  value  of  soil  resistance  was  calculated  using  the  p-y 
procedures  described  in  Chapter  4.  Shown  by  dashed  lines  in  Figs.  8.8a 
through  8.8e  and  8.9a  through  8.9d  are  the  predicted  values  of  reduction 


in  soil  resistance  versus  cyclic  pile  deflection  at  100,  200, and  500 
cycles  for  the  Sabine  and  Manor  soils,  respectively. 

For  the  Sabine  soil,  predictions  of  reduction  in  soil  resistance 
using  the  results  of  cyclic  trlaxial  tests  exceed  those  using  the  p-y 
approach,  whereas  for  the  Manor  soils,  the  p-y  approach  predicts  values  of 
reduction  In  soil  resistance  greater  than  those  predicted  using  the 
results  of  cyclic  trlaxial  testing.  That  the  procedure  using  cyclic  tri- 
axial  results  predicts  too  much  loss  of  resistance  for  the  Sabine  soil  and 
not  enough  for  the  Manor  soil  emphasizes  that  other  factors  such  as  scour 
must  play  an  Important  role  In  determining  the  loss  In  soil  resistance. 
Reinforcing  the  above  comment  Is  that  the  original  Investigators  observed 
much  more  evidence  of  scouring  action  during  cyclic  loading  at  Manor  than 
at  Sabine.  The  following  sections  In  this  discussion  address  the  factors 
that  can  account  for  loss  of  resistance  In  addition  to  that  due  to  cycl.lc 
strain. 

Influence  of  Scour 

The  earlier  report  on  this  project  described  the  development  of  a 
laboratory  test  that  could  be  used  to  assign  an  Index  to  the  scour  resist¬ 
ance  of  a  soil.  Early  In  this  study  It  was  considered  that  the  values  of 
the  scour  index  could  possibly  be  used  with  an  empirical  adjustment  factor 
to  account  for  the  loss  of  resistance  due  to  cyclic  loading  that  was 
observed  at  Sabine  and  at.  Manor.  Such  Is  not  the  case,  however,  because 
the  scour  Index  for  the  Manor  soil  Is  less  than  that  at  Sabine  and  the 
resistance  loss  was  greater  at  Manor  than  at  Sabine.  Some  of  the  other 
factors  that  must  be  considered,  in  addition  to  the  scour  index,  are 
addressed  In  the  following  paragraphs. 


One  of  the  factors  has  to  do  with  the  depth  to  which  a  space,  formed 
by  the  forward  and  subsequent  backward  motion  of  a  pile,  will  remain  open. 
If  the  assumptions  are  made  that  the  soil  around  the  pile  behaves  accord¬ 
ing  to  plane  strain  and  If  failure  is  assumed  to  be  Initiated  at  the  base 
of  the  opening,  the  critical  height  Hc  at  which  the  opening  would  collapse 
is  given  by  2s u/r,  where  su  is  the  undrained  shear  strength  of  the  clay 
and  JT  is  the  unit  weight  of  the  soil.  Therefore,  the  greater  the  shear 
strength  the  deeper  the  gap  that  could  develop. 

Perhaps  one  of  the  most  important  elements  in  determining  the  degree 
of  scour  along  the  pile-soil  interface  is  the  velocity  at  which  the  water 
enters  and  exits  the  gap.  A  tentative  procedure  for  estimating  this 
velocity  was  proposed  by  Wang  and  Reese  (1983)  and  is  as  follows: 

V  =  L/(2At) 

where: 

V  =  velocity  of  fluid  exiting  the  gap, 

L  =  depth  of  gap,  and 

At  =  time  required  for  gap  to  close. 

The  depth  to  which  the  gap  may  form  Is  considered  to  be  controlled  by 
two  factors.  The  first  factor  controlling  the  depth  of  the  gap  is  the 
bending  characteristics  of  the  pile.  In  this  study,  it  was  assumed  that  a 
gap  formed  between  the  pile  and  soil  to  a  depth  were  the  displaced  posi¬ 
tion  of  the  pile  intersected  its  original  position. 

However,  an  additional  constraint  was  imposed  upon  the  calculated 
depth  of  the  gap.  Assuming  plane  strain,  failure  at  the  base  of  the  gap 
would  occur  at  a  critical  height  (Hc)  dependent  on  the  undrained  shear 
strength  (su)  of  the  soil  and  its  effective  unit  weight  (*').  The  crit¬ 
ical  height  is  computed  as  2s  /%'  .  Therefore,  in  each  case  history,  the 


depth  of  the  gap  was  determined  from  the  deflection  versus  depth  charac¬ 
teristics  measured  from  the  pile  load  test  data,  and  a  maximum  depth  was 
calculated  using  the  relationship  2%^/%' .  The  smaller  of  the  two  values 
was  selected  as  the  representative  value  of  gap  depth. 

The  time  required  to  close  the  gap  was  estimated  from  the  values  of 
frequency  reported  In  the  original  studies.  The  value  of  At  was  selected 
to  be  one-fourth  of  the  cyclic  period.  This  approximation  Is  subject  to 
some  error  because  the  load  versus  time  relationship  was  not  exactly  sinu¬ 
soidal.  A  load  versus  time  relationship  for  cyclic  lateral-load  tests 
performed  at  the  Lake  Austin  site  Is  shown  in  Fig.  8.10.  As  can  be  seen 
readily,  the  rate  of  loading  varies  considerably  during  the  cyclic  loading 
and  unloading  of  the  pile;  thus,  it  Is  expected  that  pile  displacement 
rates  and  the  velocity  of  the  fluid  entering  and  exiting  the  gap  would 
also  vary  greatly  during  the  cyclic  load  test. 

Shown  In  Table  8.1  are  the  factors  associated  with  the  calculation  of 
the  velocity  of  the  fluid,  and  the  computed  value  of  the  gap  velocity. 
The  case  histories  are  arranged  In  Increasing  order  of  observed  reduction 
in  soil  resistance;  that  Is,  Sabine  was  reported  to  have  experienced  the 
smallest  amount  of  reduction  of  soil  resistance  whereas  the  soil  at  Manor 
exhibited  the  most.  Soil  at  the  Lake  Austin  site  exhibited  more  reduction 
In  soil  resistance  than  the  Sabine  soils,  but  less  than  that  experienced 
in  the  Manor  sol  1 . 

As  can  be  seen  from  Investigating  the  results  In  Table  8.1,  the 
velocity  of  the  fluid  for  the  Lake  Austin  site  is  greater  than  that  calcu¬ 
lated  for  the  Sabine  site;  however,  the  computed  velocity  of  the  Manor 
site  is  the  lowest  of  all  three  sites  studied.  Thus,  ft  appears  that  oth¬ 
er  factors  are  Involved  as  well. 


TABLE  8.1.  ESTIMATED  VELOCITIES  OF  WATER  EXITING  GAP  FOR 
SABINE,  LAKE  AUSTIN  AND  MANOR  TEST  SITES 


2S 

Depth  to  Zero  u 


Case 

History 

Pile  Deflection 
(in.) 

(in.) 

At 

(sec) 

Velocity 

ft/sec 

Sabine 

264  to  289 

154 

5 

1.28 

Lake  Austin 

219  to  225 

384 

3.75 

2.50 

Manor 

192 

>  2000 

7.5 

1.07 

There  are  two  other  factors  that  can  be  considered  qualitatively, 
both  of  which  involve  the  character  of  the  soil  at  Manor  and  at  Sabine. 
The  Manor  soil  has  a  highly  developed  secondary  structure,  probably  from 
desiccation,  consisting  of  cracks  and  joints.  The  secondary  structure  was 
evident  in  the  vicinity  of  the  ground  surface  as  It  existed  at  the  time  of 
the  Manor  tests.  The  cyclic  loading  of  the  24-1n.  pile  at  Manor  not  only 
caused  soil  to  be  scoured  away  at  the  interface  of  the  pile  and  soil  but 
after  testing  was  completed  an  opening  was  discovered  In  the  clay  In  front 
of  the  pile.  The  opening  was  several  centimeters  across,  it  began  at  the 
face  of  the  pile  about  a  half  meter  below  the  ground  surface,  and  exited 
about  one  to  two  ft  from  the  pile.  This  opening  undoubtedly  resulted  In 
loss  of  soil  resistance  and  was  certainly  due  to  the  joints  and  cracks 
that  allowed  the  flow  of  water  from  the  face  of  the  pile  as  the  water  was 
put  under  pressure  due  to  the  pile  deflection. 

The  second  point  with  regard  to  the  character  of  the  clay  concerns 
the  Sabine  soil.  The  site  Is  close  to  the  Sabine  River  that  forms  the  bor¬ 
der  between  Louisiana  and  Texas  and  the  soil  at  the  test  site  Is  undoubt¬ 
edly  an  alluvial  deposit.  Thin  seams  of  sand  were  evident  at  some  depths 


and,  while  grain-size-distribution  curves  are  unavailable,  it  Is  likely 
that  some  sand-sized  particles  are  mixed  In  with  the  silt  sizes  and  clay 
sizes  that  predominate.  The  coarser  grains  could  logically  have  separated 
from  the  clay  and  collected  at  the  interface  of  the  pile  and  the  soil  and 
served  as  a  barrier  to  more  serious  degradation  than  was  observed.  A  sim¬ 
ilar  phenomenon  was  observed  during  the  cyclic  scour  tests  performed  in 
the  laboratory.  It  was  found  that  the  finer  particles  were  washed  from 
the  specimen  and  that  the  coarser  particles  collected  at  the  pile-soil 
interface.  It  was  further  noted  in  the  scour  tests  In  the  laboratory  that 
sand  did  not  scour  appreciably.  Thus,  the  sand-sized  particles  at  Sabine 
could  have  served  to  mitigate  the  effects  of  the  scour. 

It  appears  the  most  significant  point  recognized  In  this  study  is  the 
effect  of  the  free  water  surface  upon  the  value  of  required  to  predict 
cyclic  deformations. 


CONCLUSIONS 

The  results  of  laboratory  tests  conducted  on  soils  from  two  different 
lateral  load  test  sites  demonstrate  the  need  to  consider  several  other 
characteristics  of  the  soil  such  as  grain  size,  shear  strength,  and  sec¬ 
ondary  structure  (fissures)  of  the  soil. 

The  effect  of  free  water  above  the  ground  surface  was  shown  to  be 
significant  in  several  ways.  The  relationship  of  the  degredatlon  parame¬ 
ter,  t,  versus  cyclic  strain  was  similar  for  both  Manor  and  Sabine  soils; 
however,  a  much  greater  loss  In  soil  resistance  was  experienced  at  the 
Manor  site  than  at  the  Sabine  site.  In  addition,  analyses  conducted  on 
all  the  pile  load  tests  showed  much  higher  rates  of  degradation  of  soil 
resistance  for  piles  In  which  water  was  above  the  ground  surface. 


The  loss  of  soil  resistance  is  therefore  sensitive  to  the  effects 
caused  by  water  above  the  ground  surface.  Cohesive  soils  that  have  a 
large  percentage  of  sand-size  particles  may  form  a  protective  layer  of 
coarser  sand  along  the  perimeter  of  the  pile  due  to  the  water  carrying 
away  the  fine-grained  material.  Water  velocities,  and  therefore  scour 
potential,  may  be  higher  for  piles  In  soils  possessing  high  shear 
strengths  because  the  gap  between  the  pile  and  soil  will  remain  open  deep¬ 
er  than  for  a  softer  soil.  The  character  of  the  soil  also  plays  an  impor¬ 
tant  role  in  its  susceptibility  to  the  scouring  action  that  occurs. 
Highly  fissured  soils  may  easily  be  carried  away  as  small  particles,  wher¬ 
eas  intact  or  slightly  fissured  soils  would  demonstrate  a  much  greater 
resistance  to  scour. 


CHAPTER  9.  CONCLUSIONS 


Based  upon  the  results  of  this  investigation,  several  conclusions 
may  be  drawn  regarding  the  behavior  of  vertical  piles  in  cohesive  soil  due 
to  repetitive  lateral  loading.  Laboratory  studies  were  designed  and  car¬ 
ried  out  to  investigate  (1)  the  effect  of  cyclic  loading  upon  the 
stress-strain  characteristics  of  the  supporting  soil,  and  (2)  the  effect 
of  the  scouring  action  of  water  as  it  enters  and  exits  the  gap  formed 
along  the  pile-soil  interface.  Strain-controlled  cyclic  triaxial  tests, 
pinhole  dispersion  tests,  and  scour  tests  were  conducted  on  soil  specimens 
obtained  from  two  sites  (Sabine  and  Manor,  Texas)  which  had  been  used  as 
locations  for  cyclic  lateral  load  tests. 

The  results  of  several  cyclic  lateral  load  tests  were  presented  and 
the  following  conclusions  drawn: 

1)  horizontal  deflection  of  piles  due  to  cyclic  lateral  load¬ 
ing  at  small  levels  of  load  (with  respect  to  ultimate  lat¬ 
eral  load)  increase  with  the  number  of  applications,  but 
may  stabilize  at  a  large  number  of  cycles, 

2)  in  many  instances,  the  relationship  between  deflection  and 
the  logarithm  of  the  number  of  cycles  may  be  approximated 
with  a  straight  line,  furthermore, 

3)  the  slope  of  this  line  increases  with  increasing  load  lev¬ 
els, 

4)  cycling  at  low  levels  of  load  affects  the  behavior  at  higher 
1 evel s  of  1  oad , 

5)  when  both  static  and  cyclic  tests  are  performed  on  a  single 
pile,  the  lateral  deflection  on  the  first  cycle  may  measure 


less  than  the  deflection  for  static  loading  due  to  the  dif¬ 
ferences  In  the  rate  of  loading  of  the  pile  head,  and 

6)  the  effect  of  a  free  water  surface  above  the  groundline  may 
be  significant  due  to  the  potential  for  scour  along  the  gap 
formed  between  the  pile  and  soil. 

Some  other  methods  exist  to  predict  the  behavior  of  piles  due  to 
cyclic  lateral  loading;  however, the  p-y  analyses  seem  to  be  well  suited 
for  making  these  predictions  because  p-y  curves  are  based  upon  the  results 
of  field  tests,  the  analyses  require  input  commonly  obtained  during  field 
investigations,  and  specific  procedures  for  generating  p-y  curves  are 
well  documented.  Broms1  method  of  predicting  pile  behavior  due  to  cyclic 
loading  suggests  reducing  the  ultimate  soil  resistance  by  a  factor  of  two, 
and  the  procedure  used  by  Poulos  requires  data  not  commonly  obtained  in  a 
typical  site  Investigation. 

All  of  the  load  versus  deflection  relationships  measured  during  the 
cyclic  lateral  tests  which  were  presented  In  Chapter  3  were  analyzed  and 
are  compared  with  predicted  relationships  in  Chapter  5.  Using  the  p-y 
method  and  applying  each  of  the  three  different  p-y  curve  generation 
relationships,  soft  clay,  stiff  clay  (below  the  water  table),  and  stiff 
clay  (above  the  water  table),  the  following  conclusions  were  drawn: 

1)  the  soft  clay  criteria,  in  general,  predicts  less  influence 
of  cyclic  loading  than  the  other  two  methods,  and 

2)  the  stiff  clay  (bwt)  criteria,  In  general,  predicts  the 
most  Influence  of  cyclic  loading, 

3)  for  all  of  the  cyclic  lateral  load  tests  conducted  with  no 
free  water  at  the  ground  surface,  the  stiff  clay  (awt)  per¬ 
formed  best  in  predicting  the  effect  of  cyclic  loading,  and 


4)  for  the  cyclic  lateral  load  tests  conducted  with  free  water 
at  the  ground  surface  in  soft  clay,  the  soft  clay  p-y  crite¬ 
ria  predicted  the  effect  of  cyclic  loading  for  the  tests  at 
the  Sabine  site  well;  however,  the  p-y  criteria  predicted 
the  effects  of  cyclic  loading  to  be  less  than  those  measured 
for  the  Harvey,  and  Lake  Austin  test  sites. 

Soil  specimens  were  obtained  from  two  sites  (Sabine  and  Manor,  Texas) 
in  which  cyclic  lateral  load  tests  were  conducted.  These  specimens  were 
tested  in  a  cyclic  control  1 ed-strain  triaxial  device,  and  the  specimens 
were  also  tested  to  evaluate  their  susceptibility  to  scour.  The  results 
of  these  tests  are  as  follows: 

1)  the  soil  specimens  obtained  from  Sabine  exhibited  a  greater 
reduction  in  shear  resistance  versus  number  of  cycles  than 
the  Manor  soils,  and 

2)  the  soil  specimens  from  Sabine  exhibited  a  greater  suscep¬ 
tibility  to  scour  than  did  the  Manor  soils. 

The  results  from  the  triaxial  testing  program  and  scour  tests  indi¬ 
cated  that  a  greater  loss  in  soil  resistance  for  the  Sabine  soil  should 
have  been  experienced;  however,  from  the  results  of  field  lateral  load 
tests,  the  opposite  behavior  was  observed.  Therefore,  it  is  important 
that  several  additional  factors  must  be  considered  which  include  the  f o'!  — 
1 owi ng : 

1)  velocity  at  which  the  water  enters  and  exits  the  gap  is 
dependent  on  both  the  rate  at  which  the  gap  closes,  and  the 
geometric  characteristics  of  the  gap  (i.e.  depth  of  crack), 


2)  the  secondary  structure  of  the  soil,  such  as  fissures,  may 
allow  the  water  to  erode  small  blocks  of  soil,  or  provide  a 


path  to  flow  through  during  cycling,  and 
3)  If  the  soil  grains  are  composed  of  a  well  graded  material 
(i.e.  both  sand  size  and  clay  size),  it  is  possible  for  some 
of  the  smaller  soil  particles  to  be  eroded  and  leave  the 
larger  particles  to  form  a  type  of  scour  resistant  cover. 

All  of  these  considerations  are  necessary  to  consider  and  important 
to  recognize  when  attempting  to  evaluate  the  effect  of  cyclic  loading  on 
piles. 
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